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IA b s t r a c t
A series of complexes incorporating diamine (o-phenylenediamirré, 2-aminobenzylamine, 
anthranilamide, OPD, 2-ABA and Anth respectively) ligands and containing the acetate and chloro 
transition metal salts of Ni and Cu has been prepared and characterised using elemental analysis and 
spectroscopic methods. Infrared data show that complexation of the amino nitrogen atoms occurs to a 
high degree. The same curing agents have been incorporated into two commercial epoxy resins 
recognised as "industry standards" (MY721 and MY750), and their cure properties and shelf life 
assessed alongside commercial curative systems. Thermal FTIR, ESR, and Uv-vis spectroscopy 
coupled with principal component analysis have been utilised to determine the initial dissociation of 
the ligands from the metal centre. Thermogravimetry (TG) of the samples has been used to determine 
the temperature at which the ligand begins to fully dissociate from the metal centre. The current work 
demonstrates that while complexes based on copper(ll) and nickel(ll) and containing OPD ligands 
may be prepared and incorporated into commercial epoxy resins, there are some advantages 
associated with using 2-ABA (as the diamine ligand) due to the higher complex solubility and better 
processing characteristics that it imparts to the formulated system. In general, the 2-ABA based 
complexes disperse well within commercial epoxy systems and display good storage stability over 
prolonged periods of time (up to 67 days at ambient temperature). Initial studies have been carried out 
to elucidate the mechanisms by which the complexes react with the epoxy resin and the kinetic 
parameters associated with that reaction.
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0 -phenylenediamine (OPD), 2-aminobenzylamine (2-ABA) and anthranilamide (Anth) were obtained 
from the Aldrich Chemical Company. 2-ABA and Anth were used as received, while OPD was purified 
using a literature method^ prior to use. Metal(ll) acetates and chlorides were obtained from BDH and 
Aldrich Chemical Company in their hydrated forms and were used without further purification. Octan-
1-0 I (GPR) was obtained from BDH and used without further purification. The commercial epoxy resins 
used were MY750 and MY721 (Ciba-Geigy products) and the epoxy equivalent weight 195.25 and 
119.7 respectively - as determined by an in-house (Cytec-Fiberite Ltd., Wrexham) titrimetric method. 
The commercial curing agents were obtained from the following suppliers: DiCy and CA-150 (ex 
Cytec) and Curimid CN (ex Polyorganics), 4,4’-diaminodiphenylsulphone, DDS, (ex Ciba Speciality 
Chemicals as HT9664), and Diuron (ex SKW as Dyhard UR 200) and were incorporated in line with 
accepted in-house (Cytec-Fiberite, Ltd.) formulations.
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A im s  OF THE WORK
The aim of this project has been to develop thermally controllable nitrogen based curing agents for 
use in one-pot epoxy resin systems. This has been achieved via the cdordination of the reactive lone 
pair of electrons to a transition metal ion. The novel curing agents should be soluble in industrial epoxy 
resins have a long shelf life, typically in excess of two months at 40°C, and have a low viscosity (20 
ops at 40°C). When these curing agents cure the epoxy resin they must rapidly cure at temperatures 
of 100°C or lower to yield polymers with glass transition temperatures (Tg) of around 100 - 150°C.
Chapter 1 Introduction
The end application of the curing agents developed in this work will be their introduction into
'i
commercial epoxy resins. The curing agents are to be formulated with commercial epoxy resins 
bisphenol A diglycidyl ether (BADGE) or tetraglycidyldiaminodiphenylmethane (TGDDM), for 
application to carbon, glass or kevlar® fibres and to form the matrix in structural components used in 
high performance applications such as aerospace. Consequently, there follows a brief introduction to 
the end application and the epoxy resins into which the curing agents are to be formulated.
1.1 Composites.
There are various ways of defining a composite. The dictionary definition of a composite refers to a 
composite as being made up of various parts or elements. This general definition, if taken literally, only 
excludes pure materials that consist of only one element and all other materials with two or more 
constituents are composites. For the scope of this work, the definition of a composite needs to be 
more specific and therefore we need to think of composites on the macro-scale with composites made 
up of macro-constituents as stated by Schwartz^ :
Composite:
“A  composite m aterial is a m aterial system composed o f  a mixture or 
combination o f  two or more macro-constituents differing in fo rm  and/or 
m aterial composition and that are essentially insoluble in each other/'*
Matrix:
‘^The m atrix is the body constituent seiwing to enclose and protect the structure 
o f  the composite.”
Reinforcement:
"The fibres, particles, laminae, flakes and fille rs  are the structural constituent 
o f  the composite and they determine the internal structure o f  the composite. "
The overall composite structure can be varied in many ways, and the different geometries in which 
composites can be formulated are shown in Figure 1-1. These geometries ultimately determine the 
final properties of the composite and therefore the end use. Each different method of formulation can 
affect the final properties and application of the composite, with the result that, for instance in epoxy 
based composites, they can be tailored for the end use, thus making composites extremely versatile 
materials.
(a) (b)
(d)(c)
Figure 1-1 Composite geometries: (a) random dispersion o f spheres in a continuous matrix; (b) regular array 
o f aligned filaments; (c) continuous laminae and (d) irregular geometry^
1.1.1 History of Composite Materials
Composite engineering materials have been around for at least three thousand years, with the first 
known use of composites in the form of mud and straw bricks being in 1000BC for construction in the 
Middle East‘s. The matrix (or continuous phase) in this case is the mud and the structural constituent is 
the straw. Composites have been widely used by man throughout the ages to Improve the physical 
properties of materials for daily use. In the case of the mud and straw bricks, mud by itself is not 
particularly strong and erodes and cracks when dry. In the case of the straw, it is brittle and has low 
specific strength, but when straw and the mud are mixed together and dried this results in properties 
that far outweigh the properties of the constituent parts. The improvement in physical properties 
gained from the process of mixing a matrix and a structural constituent has resulted in composites 
having an increased level of technological importance for fabrication purposes. In the early part of the 
twentieth century developments in science enabled material scientists to produce composite materials 
which can even out-perform metals, and now are replacing metals in many applications. Figure 1-2 
outlines man’s use of materials over the last twelve millennia.
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Figure 1-2 Man *s use o f materials over the last twelve millennia
1.1.2 Applications of Composite Materials'^
The applications of composites include the simple formulation of cellulose fibres and china clay to 
produce paper to high-performance applications where they are replacing metals in ‘high tech’ 
applications such as in the B-2 stealth bomber designed by the Northrop Corporation. Other more 
general applications for composites can be found outlined in Table 1-1.
Table 1-1 Some general applications o f composite materials.
Application
Aerospace materials In-situ polymer composites Railways
Agricultural Industrial Sports goods
Anti-abrasion materials Inorganic-oxide fibres Tyres
Armour Magnetic disks & tapes Thermal insulation
Automobile components Marine Thermistors
Biomedical Implants Metal-matrix composites Thick film resistors
Building materials Moulded fibre products Tool and die materials
Electrical materials Nuclear industry Writing paper
High-temperature applications Packaging
The scope of this work only necessitates discussion of the ‘high tech' applications, like aerospace 
composites. Aerospace composites mainly involve the use of epoxy resins as the matrix, as they 
provide excellent property characteristics (as stated in Table 1-3) which are suited for this end use. 
The European consumption of epoxy based composite materials in 1992 is outlined in Figure 1-3^ .^ As 
can be seen from the chart the majority of composites which were produced during 1992 were used 
vwthin both the military and civilian aircraft industries. Within these markets the emphasis on weight 
reduction to reduce operating costs and the superior strength to weight ratio offered by composites 
have made composite materials more and more attractive for such applications.
European Advanced Composites 1992 Total 1880 tonnes
Military Aircraft 
26%
Civil Aricraft 
28%
Export to US 
4%Leisure/Sport
13%
Defence
8%
Medical Space
11% 10%
Figure 1-3 Total European consumption o f  composite materials in 1992
This can be further broken down, vwth respect to the civilian aeroplane applications, into the major 
uses of these composites (Figure 1-4). The largest volume epoxy composite materials used in 1992 
were in the airbus project. The use of composite materials in aeroplane construction can vary from 
‘high-tech’ applications, such as replacing metal components in the aircraft tail and wings with light 
weight carbon fibre epoxy composites, to simple weight reduction in the less stressed interior of the 
aircraft, such as the footways and the walls using glass fibre honeycomb materials.
Civil Aircraft Applications of Advanced Composites 
Total 530 tonnes
Regional Airplanes
19%
Engines
15%
Airbus
66%
Figure 1-4 Percentage use o f  composites in civil aircraft applications.
The overall demand for thermoset resins In Western Europe increased by 2.8% from 1996-1998 with 
the total for epoxy resins increasing by over 12% in that same period (Table 1-2)"^ .
Table 1-2 Total Western European Consungition o f  Epoxy Resins
Year Non-plastic application^ 
(Tonnes)
Plastic application^ 
(Tonnes)
1996 220000 53000
1997 232000 58000
1998 245000 61000
t  Such æ  packaging and automoüve parts to pipes, cables and medical products 
t  Such as textiles, fibres and coatings
High performance coatings continue to be the primary application worldwide; electrical-electronic 
laminates adhesives, flooring and paving applications, composites, and tooling and moulding products 
are the other major end uses. Industrialised nations are by far the largest producers and consumers of 
epoxy resins^ In 1999, the estimated epoxy resin production value for the United States, Western 
Europe and Japan was over $2 billion. The 7-10% average annual growth rates of the 1970s have 
slowed considerably; future growth of epoxy resin consumption in the United States and Western 
Europe will average about 3.5-4% per year from 1999 to 2004. During that time, higher-than-average 
growth rates are expected in powder coatings, electrical and electronic laminates, and adhesives. An 
average annual growth rate of 1-1.5% is expected in Japan, mainly because of the gradual economic 
recovery, particularly in the electrical/ electronics sector. In 1999 almost 650 thousand metric tons of 
epoxy resins were consumed in the United States, Western Europe and Japan combined. Between 
1999 and 2004, overall growth in epoxy resin demand is expected to average about 3.2% per year in 
the United States, 3.8% per year in Western Europe and 1.3% per year in Japan. The United States 
has historically t>een a major net exporter of epoxy resins although in recent years the amount has 
decreased because of increasing imports from Asia. Western Europe's supply of epoxy resins is
reasonably well balanced with its own demand, as is Japan's. The three leading producers of epoxy 
resins are Resolution (formerly Shell's Epoxy Resins and Versatics business), Dow and Vantico. 
Together they account for approximately 75% of the world's capacity. \
1.2 Epoxy Resin Chemistry
An epoxy resin is any molecule that contains more than one epoxy functionality (Figure 1-5) within its 
structure. The term epoxy resin also refers to the cured resin, although the cured resin may no longer 
contain the epoxy group.
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Figure 1-5 Oxirane ring (Epoxy functionality)
Epoxy resins are usually low viscosity liquids, which are readily converted to thermoset polymers upon 
addition of the correct curing agent. Epoxy resins are characterised by the following parameters (Table 
1-3)
Table 1-3 Characteristics and properties of epoxy resins^.
Low Viscosity Liquid resins and their curing agents form low-viscosity, easy to process, 
systems.
Easy cure Epoxy resins cure quickly and easily at practically any temperature from 5- 
177°C, depending on the selection of the curing agent.
Low shrinkage One of the most important advantageous properties of epoxy resins is their 
low shrinkage during cure. This is because during the cure reaction very 
little rearrangement and no volatile by-products are produced.
High adhesive strengths Because of their chemical make-up, chiefly the presence of polar hydroxyl 
and ether groups, the epoxy resins are excellent adhesives to steel alloys, 
aluminium alloys, titanium alloys and fibre-reinforced composites.
High mechanical properties The strength of properly formulated epoxy resins usually surpasses that of 
other types of casting resins.
High electrical insulators Epoxy resins are excellent electrical insulators.
Good chemical resistance The chemical resistance of cured epoxy resin depends considerably upon 
the curing agent used, showing excellent resistance to bases and good 
resistance to acids.
Versatility The epoxy resins are probably the most versatile of the contemporary 
thermosets. The basic properties may be modified in many ways: by 
blending of resin types, by selection of curing agents and by use of 
modifiers and fillers.
1.2.1 Production of Commercially Important Epoxy Resins.
Epoxy resins are of immense technological importance within the aerospace industry due to their 
ability to bind together lightweight materials, like carbon fibres, glass fibres and kevlar®, to form light, 
tough, durable and strong composite materials. There are two main types of epoxy resin produced for 
commercial use, these are the difunctional digylcidylether of bisphenol A-type resins (BADGE) (Figure
1-6) and the amine equivalent tetrafunctionai epoxy resin A/,A/,A/’,A/’-tetraglycidyl-4,4'- 
diaminodiphenylmethane (TGDDM) (Figure 1-7). ^
Diglycidyl ethers are prepared commercially by the dehydrohalogenatior) of the chlorohydrin prepared 
by the reaction of epichlorohydrin with a suitable di- or poly-hydroxyl material or other active- 
hydrogen-containing molecule. Although epoxy resins were first synthesised as early as 1891 it was 
not until 1953 when the first report of the synthesis of epoxy resins was made by Scheade^ and the 
commercial importance of epoxy resins was realised by both Pierre Castan* and Sylvan Greenlee^’ '^^ ’^^  
• Difunctional epoxy resins based on glycidyiethers e,g. BADGE
Upon the addition of sodium hydroxide to a diol/epichlorohydrin reaction mixture, deprotonation of the 
active hydrogens of the bisphenol occurs. The resultant phenoxide attacks the 8+ site on the 
epichlorohydrin generating a second phenoxide, which in turn expels the more stable Cl' anion to 
generate the epoxide functionality of the final resin. The basic reaction between diols such as 
bisphenol A and epichlorohydrin to form difunctional epoxy resins is outlined in Figure 1-6.
CH,
n + 1 HO
CH,
OH
Bisphenol A
n + 2
O 2
Epichlorohydrin
NaOH
C - 0 o - c - c -c -o
H, H Hj
DGEBA or BADGE Resin 
DiGlycidylEther of Bisphenol A
Figure 1-6 Production o f BADGE from bisphenol A and epichlorohydrin
• Tetrafunctionai epoxy resins based on glycidylamines g.g. TGDDM
In commercial applications for the production of tetrafunctionai epoxy resins, diamines such as 4,4’- 
diaminophenylmethane are used. Owing to the presence of two active hydrogens on each amine, the 
diamine can react with four epichlorohydrin molecules causing ring opening from the 8+ carbon of the 
epichlorohydrin and ring closure to the third carbon, liberating the more stable Cl' anion and forming 
the tetrafunctionai epoxy TGDDM. The general outline of this reaction is outlined in Figure 1-7.
4,4'-diam inodiphenylm ethane Epichlorohydrin
+4H C I
A/,A/,/\/',A/'-TetraGlycidyl-4,4'-DiaminoDiphenylMethane 
Figure 1-7 Production o f TGDDMfrom 4,4-diaminophenylmethane and epichlorohydrin 
• Epoxidation of olefins
The previous two examples of production of epoxy resins are now the major methods of production 
commercially, Prior to this method of production, the formation of the oxirane ring could only viably be 
achieved through either:
1. The oxidation of an alkene with a peroxycarboxylic acid, 
or
2. The alkaline halogénation of an alkene to form the halo alcohol then addition of further 
base resulting in the ring closure and the formation of the epoxide.
The mechanism of the oxidation of the alkene by the peroxycarboxylic acid is such that both the new 
carbon-oxygen bonds are formed at the same time. The basic reaction that occurs is outlined in Figure
1- 8 .
0 - 0 -
H, O-OH
C - 0
H,
1-[(3-cyclohexeneyIcarbonyloxy)methyl]-3-cycIohexene 3,4-Epoxycyc!ohexylmethyI-3,4-epoxycyc!ohexanecarboxyiate 
Figure 1-8 Oxidation o f unsaturated compounds
Even though BADGE and TGDDM epoxy resins are heavily used in the formation of composite 
materials, ene-oxide type resins are still used in the electronic and satellite industries.
1.3 Curing Agents - Reactivity of Epoxy Resins '^
The presence of the highly strained, three-membered oxirane ring (Figure 1-5) results in high 
reactivity to many nucleophilic species or to Lewis bases like amines, alcohols and ethers, which 
contain lone pairs of electrons. Curing can also occur through a co-polymerisation reaction with a 
multifunctional curing agent. The estimated world market for curing agents is outlined in Table 1-4. 
Although amine-curing agents represent approximately one fifth of the market, these have been 
broken down into more specialist uses emphasising the diversity of amine based curing agents.
Table 1-4 Estimated world market fo r curing agents by type (1989)^^
Weight (Mlb) Relative use
Amines - aliphatics 45 10
- cycloaliphatics 30 7
- aromatics 15 3
- dicyandiamides 10 2
Polyamides 75 16
Polyamidoamides 30 7
Phenol- and amino-formaldehydes resins 75 16
Carboxylic acid functional polyesters 100 22
Anhydrides 55 12
Polysulphides and polymercaptans 15 3
Catalysts 10 2
Total 460 100
Mlb = Million lb.
Figure 1-9 shows the ring opening and subsequent homopolymérisation of an epoxy resin cured with a 
nucleophilic or anionic species. The negative charge can initiate the ring opening of the epoxide via 
route a or b; this, in turn, generates a second negative species that reacts with a second epoxide 
group, and so on until full polymerisation is achieved.
b
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Therm oset polym er
Figure 1-9 Catalytic homopolymérisation with nucleophile.
Figure 1-10 shows the ring opening and subsequent polymerisation of an epoxy resin cured with a 
Lewis base such as a primary amine, which is then followed by the polyéthérification reaction with the 
liberated hydroxyl group.
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Figure 1-10 Catalytic homopolymérisation or co-polymerisation with multi-amines
The polymerisation of epoxy resins is usually thermally initiated, with some reactions occurring at room 
temperature and others needing higher temperatures to initiate the cure, typically upwards of 100°C. 
There are many different kinds of curing agents suitable for curing epoxy resins; these are outlined in 
the Appendix (Table 8-1 ).
1.3.1 Industrial Standard Curing Agents for Epoxy Resins.
There are many different types of curing agents for epoxy resins, many of which are used in industrial 
applications. Some of the most important are outlined in the next section.
• Catalysts for homopolymérisation - Imidazoles.
Imidazoles are compounds that contain the basic unit of type (a) within their structure (Figure 1-11). 
These compounds tend to have high boiling temperatures and exhibit better solubility in polar solvents 
than non-polar solvents. It is possible, however, to reduce the boiling temperature from 256°C of the 
primary imidazole to 198°C by substituting the imino hydrogen (1) with a methyl group. This results in 
a higher solubility in non-polar solvents like epoxy resins '^' and this has resulted in the majority of 
imidazoles commercially used as catalysts being N(1) substituted.
The nitrogen N(1) in the imidazole ring is weakly acidic, due to the inductive effect of the tertiary 
nitrogen N(3), and it is known that the N(1) proton is responsible for acting as an active centre towards
15epoxies, causing ring opening .
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imidazole 2-ethyl-4-methylimidazole (2E4MZ) /so-butylimidazole Curimid CN
Figure 1-11 Selection o f imidazoles fo r curing epoxy resins.
The main interaction between the imidazole and the epoxy occurs between the lone pair of electrons 
present on the tertiary nitrogen N(3) and the electropositive carbon on the epoxy, catalysing a 
homopolymérisation reaction.
• Lewis-acid catalysts.
Lewis acids, such as BF3, contain empty orbitals in their outer atomic shell, which can react with 
amines to form stable donor-acceptor complexes. These complexes can act as latent catalysts for the 
homopolymérisation of epoxy resins. The reactivity of these complexes can either be controlled by the 
amine or by the boron trihalide, with the trichloride being a stronger acceptor than the trifluoride.
The choice of amine can also determine physical properties such as the solubility and miscibility in the 
epoxy resin, as well as the hygroscopic nature of the complex e.g. mono-ethylamine-boron trifluoride 
is strongly sensitive to water, while benzylamine-boron trifluoride is not sensitive to water.
It is possible with amine-boron trifluoride to cure epoxies to form highly crosslinked, highly heat stable 
and chemically resistant materials that are, through the nature of the high crosslink density, brittle. 
This brittleness can be reduced through the addition of plasticising carrier diluents, which also improve 
the compatibility with the unreacted epoxy resin or the addition of engineering plastics or elastomers. 
These types of curing agents are principally used as co-catalysts with curing agents such as 
anhydrides.
• Acids and acid anhydrides.
The second most important family of curing agents for epoxy resins composites are the carboxylic acid 
functional polyesters (CAFP) and their corresponding anhydrides. Acids only really have a practical 
use in heat-cured systems, such as those used to form surface coatings and stove enamels, with the 
anhydrides suited to most other heat-cured applications. The basic structure of the carboxylic acid 
functional polyester resin is as follows:
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nHOOCR'COOH + {n-^ ) HOR”OH -> H00CR’C0(0R”0-0CR’C0)„.i0H + 2(n-1 )HzO 
Figure 1-12 Production o f carboxylic acid functional polyesters front diacid and a diol
Acid anhydride curing agents are generally derived from the thermal dehydration of 1,2-diacids. This
action is reversible through the addition of water at lower temperatures.
o
COOH
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O + H.O
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Figure 1-13 Thermal dehydration o f phthalic acid to phthalic anhydride.
The cure mechanism for the CAFP resins involves two stages. The first stage involves the addition of 
the carboxyl group to the epoxy functionality (Figure 1-14) through the attack of the ring by the 
hydroxyl oxygen of the acid, generating an ester functionality.
O
A A o c r 'c o o h  + Z_A— CH2 O A A   a a -o c r 'c o o -c h 2 -c h (o h )-c h 2 0 v V \
Figure 1-14 Acid ring opening o f the epoxy ring.
The second stage of the reaction involves the estérification by the secondary hydroxyl groups and the 
acid with the loss of water (Figure 1-15).
A A o c r 'c o o h  + ho-ch(ch20vAA )2   aA /-ocr'co-och(C H 20\A A  )2 +H 2 O
Figure 1-15 Polyestérification o f secondary hydroxyls with carboxylic acid functions.
The cure mechanism of the anhydride analogue is appreciably more complex than that of the acid and 
even more complicated than that of amines and lies outside the scope of this work.
• Dicyandiamide '^ .^
Dicyandiamide (DiCy) (Figure 1-16) has been used as a curing agent for epoxy resins since their 
commercialisation in the 1950s. The application of this curing agent ranges from adhesives to 
composites and from printed circuit boards to powder coatings.
H2 N
H2 N
N -C N
Dicyandiamide
Figure 1-16 Structure o f Dicyandiamide (DiCy).
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During this time numerous attempts have been made to investigate the mechanism by which DiCy 
reacts with the epoxy resin. The stoichiometry of the epoxy-DiCy reaction t)as been determined to be 
between 3:1 and 7:1. Güther '^  ^ et al. have suggested that the mechanism proceeds v/a NH/epoxy 
additions, cyano/epoxy additions (mediated through nucleophilic agents), and elimination/cyclisation 
reactions (Figure 1-17).
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Figure 1-1 IProposed pathyvays o f the DiCy/epoxy reaction
DiCy is a high melting solid with a melting temperature of 212°C and is insoluble in most epoxy 
compounds. This means that it is necessary to use solvents or an extremely micronised solid to
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ensure a near homogeneous formulation. DiCy reacts with the epoxy resin at around 180°C, but the 
typical cure temperatures for epoxy resins are 120°C (BADGE) and 170°G (TGDDM), which means 
that accelerators need to be added to reduce the temperature at which DiCy reacts with the epoxy. 
Aryldimethylurea compounds (Figure 1-18) are commonly used for this formulation: ‘Monuron’, 
‘Diuron’, and ‘Fenuron’ give latency at room temperature allowing the formulation of one-pot systems.
O CH, O CH, / = x  0 CH,
Diuron Monuron
Fenuron
9 CH,
CH
Cl
(CHJjCH,
Chlorotoluron
H,C
H,C
CH.
CH,
CH,
CH,
Neburon
H,C
H,C
CH,
CH,
CH,
CA150
CA152
Figure 1-18 Substituted ureas used as accelerators fo r DiCy.
• Tertiary amines.
Tertiary amines are essentially Lewis bases and contain a lone pair of electrons in their valence shell. 
The lone pair of electrons reacts with epoxide generating a negatively-charged alkoxide group, which 
can, in turn, react with a second epoxy, generating a third alkoxide and so on (Figure 1-19). The main 
types of reactions that these curing agents are used for are catalytic homopolymérisation reactions. 
They are primarily used in adhesives, laminates and coatings due to their high reactivity towards the 
epoxy ring at room temperature.
R" R"
Figure 1-19 Lewis base catalysed homopolymérisation
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• Primary and secondary aliphatic amines.
Primary and secondary amines were amongst the first materials to gain acpeptance as curing agents 
for epoxy resins. They give good cures at room temperature, with excellent all-round properties and 
temperature resistance to 100°C.
Primary and secondary amines contain what are known as active hydrogens (HacO- The increased 
nucleophilicity of aliphatic amines over aromatic amines mean that they react more readily with acidic 
or 5+ sites. This means that they can react at lower temperatures. Upon ring opening an Had is lost by 
the amine and forms a hydroxyl group. This can, in turn, react with the epoxy because they possess 
Had (Figure 1-20). It is possible to use primary and secondary amines as catalysts and as co-curing 
agents, although aliphatic amines are highly reactive towards the epoxy in catalytic amounts at room 
temperature. The prime uses of these curing agents are as accelerators in formulation of coatings.
H
R' H. ^  ^ ^  R"  R' N
Figure 1-20 Ring opening with active hydrogens.
• Co-curing agents - Aromatic amines and their derivatives.
An aromatic amine is defined as one in which the amine is directly attached to the aromatic ring (a) 
and aliphatic amines are defined as being attached to an aliphatic carbon (b) (Figure 1-21).
NH2 b
Figure 1-21 Differentiating aromatic and aliphatic amines in 2-aminobenzylamine
Aromatic amines are used in place of aliphatic amines to bring about an increased chemical and 
thermal resistance to the cured polymer. The tertiary amines, which are generated when the active 
hydrogens (N-H) react with the epoxy functionalities, are too hindered sterically to bring about catalytic 
activity. This means that aromatic amines are generally used as co-curing agents with BADGE-like 
epoxy resins, allowing for one epoxy group for each Had-
Aromatic amines are less reactive towards epoxy resins than aliphatic amines due to their lower 
nucleophilicity and the steric hindrance afforded by the aromatic ring. The reactions between BADGE
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resins and most aromatic amines take place at around 80-100°C and have similar reaction rates and 
exothermic heat evolution as those with aliphatic amines at room temperature.
Aromatic amines are generally solid at room temperature and they haVe to be converted into a liquid 
form by the following techniques:
1. Melting (Supercooling). 2. Eutectic blending.
3. Adduct formation. 4. Modifying with diluents.
The first process involves the heating of the amine and then rapid cooling to prevent crystallisation. 
The second method is similar to the first, but minor amounts of other compounds are added before 
cooling to prevent crystallisation. If crystallisation occurs then slight warming returns the mixture to the 
liquid state. The third method is the formation of ad ducts, which entails reacting the amine with 
monoepoxides such as styrene oxide, phenyl glycidyl ether (PGE), a ketone, or a diepoxy to increase 
its solubility in the epoxy. The final method is to modify the solubility with either reactive or non­
reactive diluent, which enhances the solubility of the amine in the epoxy resin.
1.4 Metals in Epoxy Resins
Epoxy resins, once cured, are thermoset polymers and tend to be very stiff and brittle. In order to 
improve the physical properties of the processed resin, modifications need to be made. One of the first 
modifications explored was the use of fibres to reinforce the resin matrix and convert the epoxy resin 
from a brittle material to a strong lightweight material. Many materials can be introduced to modify 
resin systems and improve their physical properties. For example, this can be achieved through 
reactive modification with compounds which either improve thermal and chemical stability or increase 
physical parameters such as fracture toughness. Modifications can also be made to the resin system 
through the introduction of non-reactive modifiers such as fillers and fire retardants. Extensive work 
has been carried out, over the last thirty years, into the use of metals and their salts in the formulation 
of epoxy resin systems. This work has included the use of organo-transition metal complexes as 
catalysts for epoxy resins when cured with amines, anhydrides, and phenolics. Other work has 
involved the incorporation of organo-transition metal complexes as additives to improve physical 
properties such as adhesion, flexural strength, fracture toughness, water absorption and heat 
resistance. The majority of the work published in this field concentrates on the benefits of metal salts 
in epoxy resin and polymer networks. It must be mentioned that there are also drawbacks when using
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metal salts. The presence of metal salts can adversely affect the conductivity of the cured resin and 
therefore render it useless in certain applications such as printed electronic circuit boards. Also the 
presence of some “heavy metal” salts in the polymer matrix may have adverse effects on the health of 
the people preparing the material. This area has been the subject of a recent reviev/^ (a copy of which 
is bound into the back of this thesis)
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Figure 1-22 Periodic Table
The periodic table (Figure 1-22) shows the different groups of metals that have a potential use as 
modifiers in the formulation epoxy resins system. There are a certain number of metals that have little 
or no application due to toxicity, handling or cost and these will not be covered. Metals are introduced 
into epoxy resins in many different vays to yield many differing properties, most of which are out of the 
scope of this work. The main emphasis of this survey will be on the use of metals to modify the 
physical properties of the epoxy resin e.g. to improve the thermal oxidative properties, fracture 
toughness, shelf life etc. The incorporation of metals into epoxy resins has mainly been centred on 
enhancing the physical properties of the final polymer, whether to reduce the water absorption of a 
particular resin or to increase its fracture toughness. Until now the majority of the work in the amine- 
cured resin systems seems to have concentrated on the use of transition metals as additives rather 
than using them to inhibit the reaction between the curing agent and the epoxy resin.
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1.4.1 Addition of Metal Salts and Complexes to Epoxy Resins
As early as the 1970’s transition metal complexes were used to catalyse the reaction between curing 
agents and epoxy resins. Nikolaev^  ^ et al. reported the use of mejal acetylacetonates (M-acac) 
complexes to accelerate the hardening of epoxy resins with dicyandiamide, and since then there has 
been a large amount of work carried out in this area. The use of transition metal salts in the 
formulation of imidazole-cured epoxy resins has been reported. Lin at aiJ^ outline the use of Cr-acac 
and 2-undecyl-imidazole as additives to improve the fracture toughness of a TGDDM/diaminodiphenyl 
sulphone (DOS) resin system, rather than using the transition metal and imidazole as latent curing 
agents to cure the epoxy at elevated temperatures. The presence of the transition metal, in this case 
chromium, and the presence of the imidazole seem to have a positive effect on the fracture toughness 
of the epoxy resin, which has increased by 5.7 times over the unmodified system. Other papers have 
been published in which organotransition metal complexes have been used to enhance mechanical 
properties of epoxy resins. Lin et have reported the use of both acetylacetonates of chromium 
and cobalt to increase the flexural strength and fracture toughness of epoxy resins with only a slight 
decrease in the glass transition temperature (Tg) of the cured resin.
Markovitz^^ describes the use of any M-acac as catalysts in the cure of epoxy resins with phenolic 
accelerators. In this work Markovitz describes that low levels of M-acac (0.025 -  5 wt% of epoxy) 
catalyse cure the epoxy resins, while in the case of epoxy resin ERL 4221 (Figure 1-23), without the 
presence of a phenolic accelerator, only a level below 1 wt% catalyses the polymerisation.
O
3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate
Figure 1-23 ERL 4221
Markovitz also reports that the rate of reaction is increased by a decrease in the level of M-acac or an 
increase in the phenolic accelerator concentration. The M-acac catalysts reported by Markovitz also 
have good storage stability once dissolved in the epoxy resin, with little or no change in the viscosity of 
the system taking place over a period of months at room temperature.
Frankel^ ,^ like Markovitz, described the use of chelated metal catalysts in the acceleration of acid 
copolymers/polyepoxy resin systems. In this work Frankel studied mainly first row transition metal salts
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of acac, but stated that any metal salt of any acetate may be used and described their possible 
application in replacing metallic body solder in the automotive industry.
Reddy^”' et al. have carried out an extensive study into the overall effects of M-acac in epoxy/anhydride 
resin systems concentrating on Co(acac)3 . They found that the presence of Co(acac) 3  in the resin 
system decreased the time taken for the resin system to cure. Reddy^  ^ ef a/, have also carried out 
work on Ni(ll) and Cu(ll) analogues of the acac complexes and have reported similar results to the 
cobalt acac complex. They reported that the incorporation of the M-acac reduced the gel time of the 
BADGE/anhydride system by as much as 400 minutes at 125°C for Ni(acac)2 , although the 
incorporation of the M-acac reduced the storage stability of the resins with increase in concentration. 
The incorporation of Cu(acac) 2  slightly reduced the gel time and increased the storage stability by 3-10 
days. They also showed that the overall cure process followed first order kinetics.
Smith^ *^  carried out an extensive study on twenty-two possible latent M-acac accelerators for epoxy­
anhydride solventless resins. In this study, he found that Ti(IV)-oxy-acac and Cr(lll), Zr(IV), Co(lll), 
Co(ll)-acac were particularly effective as latent accelerators in anhydride cured BADGE systems with 
shelf lives in excess of six months at room temperature.
Colborn^  ^ at ai. have reported the use of Lewis Acid complexes of M-acac as latent catalysts for 
BADGE/aliphatic disiloxane dianhydride (ADD) resin systems. They have also developed a novel 
aliphatic disiloxane dianhydride curing agent for epoxy resins with excellent solubility and storage 
stability in low molecular weight epoxy resin (Figure 1-24) (Table 1-5)
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Figure 1-24 Aliphatic Disiloxane Dianhydride (ADD)
Table 1-5 Gel Times fo r Various Anhydride Curing Agents in BADGE at 120°C
Anhydride Gel Time (Mrs)
ADD >144
Bisphenol A Dianhydride <1
Phthalic Anhydride 18-20
Hexahydrophthalic Anhydride 24-36
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Colborn et al. have utilised M-acac complexed with both aliphatic and aromatic amines as the acac 
counter-ion that have good solubility in BADGE which also decrease the get time of the BADGE/ADD 
resin system. The Co(acac) 2  compounds have the added advantage oyer conventional curing agents 
for these types of resin systems in that they are latent. In order to have a system with a long shelf life, 
each reactive component has to have a high level of inertness at ambient temperature. If a resin 
system needs an accelerator to improve the cure profile, the accelerator needs to have a low reactivity 
at ambient temperature as well. Conventional accelerators show limited latency in these types of 
systems, meaning that the Co(acac) 2  compounds are better suited for this role. Colborn et al. have 
also carried out studies to observe the changes thermal stability of the cured resin when using the 
latent Co(acac) 3  complexes. The presence of the Co(acac) 2  diamine complexes lowers the heat 
deflection temperature (HDT) of the end cured resin when compared with the best of the conventional 
catalyst triphenylphosphine (HDT = 320°C), but Colborn et al. have reported the use of 
Co(acac)2 (A/,A/-di-"butylethylenediamine) as a catalyst that can provide a HDT of 267°C ± 48°C, 
comparable with some of the other conventional catalysts. When using Co(acac) 3  the HDT (176°C) 
was some 90°C lower than the best of the diamine complexes. Thermal ageing studies carried out on 
cured resins containing 2% Co(acac)3 (A/,A/,A/',A/-tetraethylethylenediamine) as a catalyst showed that 
there was very little loss in flexural modulus or flexural strength after 200 h at 299°C.
The addition of transition metal compounds to an epoxy system can increase the rate at which curing 
agents, such as anhydrides, react with the strained oxirane ring. However, this is not always the case 
when species such as amines are the curing agents. Nazarova^^ et al. have studied the effects of M- 
acac on the rates at which amines cure epoxy resins in the presence of catalytic amounts of M-acac 
compounds (3-10 parts phr). In this study Nazarova et al. observed an increase in the gel time upon 
the addition of Fe(lll)-acac, Co(ll)-acac and Ni(ll)-acac to an amine cured epoxy system. This increase 
in the gel time at ambient-100°C was believed to be due to the formation of dative covalent bonds 
between the M-acac and the amine curing agents, preventing the latter from reacting with the epoxy 
resin.
The introduction of M-acac into epoxy resin systems to improve physical properties has been well 
documented, as previously cited, with a large body of work already studied in this area concentrating 
on the use of these complexes to increase fracture toughness of BADGE and TGDDM resin systems. 
The use of metals does not solely concentrate on M-acac complexes to modify the resin system, as
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TM salts of acrylates have also been cited in the literature with incorporation into the resin system 
claimed to enhance the electrical, thermal and chemical properties. The principal method of 
incorporating metal salts into the resin system has been to introduce tjiem either before or after the 
addition of the curing agent. Srivastava^ '^^ '^ '^ '^^ '^^ '^ ef al. have reported the use of a series of M-acrylates 
in the production of BADGE resins and their effects on the EEW, electrical properties, thermal and 
chemical resistance. The M-acrylate is reacted with bisphenol A and an excess of epichlorohydrin 
(1:10 molar ratio) to yield polymers which have M-acrylates bound into the oligomers' backbones 
(Table 1 -6).
Table 1-6 Physical Analyses o f M-Acrylate Epoxy Resins.
Resin
System
M-Acrylate
concentration
(mol)
Epoxide
Equivalent
(eq/1 0 0 g)
Viscosity
(^sp)
(30°C)
Specific
Gravity
(30°)
Chlorine
Content
(wt.%)
Hydroxyl
Content
(eq/IOOg)
BADGE 0 . 0 0 194 1.58 1.173 0.50 0 . 1 2
Copper
Acrylate
4.20 X  10*^ 245 1 . 6 6 1.180 0.70 0.15
12.60 X  10'^ 290 1.82 1.193 0.90 0.17
21.09 X  10"" 338 1.92 1.203 1 . 0 0 0.17
Chromium
Acrylate
3.2 X 10'^ 270 1.71 1.190 1 . 8 6 0.15
9.79 X 10'^ 403 1.78 1 . 2 2 1 2.90 0.16
16.31 X  10'^ 587 1.84 1.340 3.40 0.17
Zinc
Acrylate
4.78x10'^ 234 1.63 1.185 1.83 0.13
12.53x10'" 294 1.82 1.194 3.06 0.13
20.89 X  10'" 335 1.90 1 . 2 0 2 3.86 0.13
Chromium/ 
+ Copper/
+ Zinc/ 
Acrylate
3.26 X  10'" 
4.21 X  10'  ^
4.17 X  10'^
280 2.18 1.189 0.60 0.15
The epoxy resins developed by Srivastava et ai. show very good resistance to a wide variety of 
chemicals and have been fully discussed in a recent review^ .^ Srivastava et al. prepared 0.1mm thick 
resin films and submerged them in different chemicals for seven days. The samples were then tested 
for chemical attack by measuring the flexibility of the. Srivastava et al. have measured the hardness, 
thermal stability and the electrical properties of M-acrylate modified epoxy resins and have found that 
the introduction of these compounds into the resin system increased their scratch resistance and their 
thermal stability. They also observed that the unmodified resin was non-conducting at 43°C, whereas 
the modified resins were semiconducting at room temperature.
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The samples were also tested for their hardness by measuring the amount of weight needed to 
scratch the surface of the cured resin and their thermal stability, using TG to measure the initial weight 
loss and rapid weight loss.
1.5 Conclusions
There has been a large amount of research carried out into the use of amines as curing agents for 
epoxy resins and this is well documented. The use of metal salts in the production and formulation of 
epoxy resins for use in composite materials has been widely studied since the 1960s. Metal salts have 
been utilised in many different ways, as latent catalysts for epoxy/anhydride reactions, as additives to 
improve toughness, electrical, thermal and chemical properties, as modifiers to tailor the viscosity of 
epoxy resins, and to formulate latent curing agents with nitrogenous compounds. The incorporation of 
metal salts in to the resin matrix can have both positive and negative effects. The majority of positive 
effects have been reported on how the metal salt improves a desired property e.g. the complexation of 
amine type ligands to a metal centre to reduce their reactivity at ambient temperatures. This effect is a 
very desirable one, as it allows for the formulation of one-pot systems which can significantly reduce 
the related production and storage cost of a resin system. There are also dissadvantage to every 
development, in that metal salts especially the heavy metal salts have an associated level of toxicity 
that cannot be ignored. This is more prevalent in the production of composite materials as they are 
often handled by people who may be unaware of the dangers of being exposed to such substances. 
Also in the production of composite materials, testing often involves the cutting of the composite part, 
which will inevitably release metal-containing particles that may be hazardous to health. However, the 
levels of toxicity of the metal salts have to be compared with the levels of toxicity of the other 
components that make up composite materials (e.g. epoxy resins and curing agents) before they are 
dismissed.
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Chapter 2 Synthesis and Characterisation of Novel Curing Agents
Four ligands (o-phenylenediamine (OPD), 2-aminobenzylamine (2-ABA), anthranilamide (Anth) and 
imidazole (Im)) have been co-ordinated to various transition metals salts. The resulting complexes 
have been characterised wa physical and thermal techniques to evaluate the feasibility of their 
incoporation into two industrial epoxy resins TGDDM and BADGE. The most favourable transition 
metal ions are Cu(ll) and Ni(ll) (see introduction) and some of their physical properties of their 
compounds are outlined later in this chapter.
2.1 Transition Metal Complexes of o-phenylenediamine
The starting point of the research was the use of a primary aromatic amine as a ligand. Aromatic 
amines react well with epoxy resins to give an end product with a high glass transition temperature 
(Tg) and resulting in a greater cross-link density than epoxies cured with imidazoles. Diamines are 
used extensively in the formulation of epoxy resins, and these can be aromatic, aliphatic or a mixture 
of both. The starting point of the research was to look at complexes of o-phenylenediamine (OPD) 
(Figure 2-1) with various TM salts.
NHg 
NHg
Figure 2-1 o-phenylenediamine
The complexes Ni(OPD)3 .Br2 , Ni(OPD)3 .Cl2 , Gu(OPD)2 .Cl2 and Cu(OPD)3 .Cl2 have previously been 
synthesised^" .^ These preparations have been repeated and introduced into two standard epoxies: 
MY750, a di-functional epoxy, and MY721, a tetra-functional epoxy resin. Tests have been carried out 
on these resins to determine their cure onset temperature, gel-time and shelf life. As a comparison, 
Curimid ON has been added to MY750 and MY721, also dicyandiamide (DiCy) and diuron, DiCy and 
CA-150 have been added to MY750 and MY721 respectively. For the shelf life test a comparison has 
been made with use of uncomplexed OPD to give an indication of the level of reactivity of this diamine 
with each of the epoxies.
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2.2 Transition Metal Complexes of 2-Aminobenzylamine (2-ABA)
The first stage of the work involved OPD complexes; this was successful and resulted in the formation 
of several of complexes, which were suitable for incorporation into an epoxy resin. The major 
drawback of these complexes was their insolubility in organic solvents and MY721 and MY750. This 
insolubility was probably due to the OPD ligands forming a stable complex with the aromatic rings 
forming a hydrophobic casing around the transition metal. This reduced the complexes' solubilities in 
almost all common solvents, and in solvents in which the complex was soluble dissociation occurred. 
Consequently, it was not possible to dissolve the complex in the non-polar epoxy resin.
The next stage of this research work was to increase the solubility of the complexed curing agent in 
the epoxy resin. This might be achieved through either by functionalising the aromatic ring or by 
placing one or more carbon atoms between one of the amines and the aromatic ring (Figure 2-2). The 
later method was chosen to be the next step as it also allows for the formation of a dual 
aliphatic/aromatic-curing agent. This could prove useful in producing a curing agent which can initiate 
a post cure at a relatively low temperature and allow the composite to be moulded then increase the 
temperature to initiate the final cure of the epoxy resin. The transition metal salts that had been used 
in the formulation of the OPD complexes were the halogen salts. In order to increase the solubility still 
further the use of an organic counter-ion proved necessary and the acetate anion was chosen.
Aliphatic amine
NK
Aromatic amine 
Figure 2-2 Aliphatic and aromatic amine sites on 2-ABA
The method of production of the 2-ABA complexes was performed using various methods. Initially, the 
production followed a similar procedure used for the production of the OPD complexes earlier in this 
research work. Like OPD, 2-ABA is air- and light- sensitive and discolours readily. Another drawback 
of 2-ABA is that it readily takes up CO2  from the air^  ^and from the solvent, which has meant that the 
initial preparation and reaction of the complex had to be carried out under nitrogen. Work in this area 
has previously been carried out by Kovala-Demertzi et al. using TM halide salts of Ni, Ou and Co with 
Cl and Br. Their results suggest that only the mono- and the b/s[bidentate] copper complexes (Cu(2- 
ABA)Cl2 , Cu(2-ABA)2Cl2 Cu(2-ABA)2Br2) could be formed with the mono[bidentate] structure having a
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polymeric structure (Figure 2-3). Furthermore it was only possible to obtain the tris[bidentate] complex 
with Ni and Co salts.
HNNH NHHN
CuCuCuCu
NHHN NHHN
Figure 2-3 Proposed polymeric Structure o f Cu(2-ABA)Cl2 (jUeff 1.32 B.M.)
The complexes were produced from alcoholic solutions with varying rations of metal to ligand (1:1, 1:2, 
1:3). The method of complexation, initially used in this work was based on that used in the co­
ordination of OPD. The original method, similar to the method used by Kovala-Demertzi et ai, was 
modified over the course of the research to find the optimum parameters to improve yields of the 
desired complexes and to try and reduce the level of solvent needed to carry out the reaction.
2.3 Transition Metal Complexes of Anthranilamide
In keeping with the first modification to the curing agent anthranilamide was chosen as the next 
progressive step in the development (Figure 2-4).
Figure 2-4 Anthranilamide
Anthranilamide has a higher melting temperature (114°C) than 2-ABA and OPD, and when this 
molecule dissociates from the metal centre the molecule should not volatilise. The compound should 
coordinate to a transition metal salt via the nitrogen of the amine and the oxygen and/or nitrogen of the 
amide group. Anthranilamide was chosen because of the presence of the amido carbonyl group, 
which is electron withdrawing and should reduce the ability of the amido nitrogen to co-ordinate to the 
metal centre. Consequently, the amide ligand - metal bond should break at a lower temperature. 
Allan^ '^ ”^  ^et ai. have carried out thermal, structural and electrical studies on chloro complexes of Co(ll),
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Ni(II) and Cu(ll) with anthranilamide and suggest that anthranilamide complexes through the N of the 
amine and the O of the amide to Ni(ll) and Co(ll), and only through the of the amine when co­
ordinating to Cu(ll) (this is discussed in more detail in Chapter 2.9.1).
2.4 Transition Metal Complexes of Mixed Anthranilamide Imidazole Ligands
The formulation of copper complexes has shown that only two bidentate ligands attach to the TM 
centre. This means that there are two available sites for further complexation. In order to take 
advantage of these available sites a series of adducts with imidazoles was prepared (Figure 2-5)
N "N  "CH^CH, N 0 ,N  N CH,
Figure 2-5 Imidazoles studied (A) imidazole, (B) 2-ethyl-4-methylimidazole, (C) 4-methyl-2- 
phenylimidazole, (D) 2-methyl-5-nitroimidazole.
Imidazole is the least hindered ligand of those studied in this series and should form a strong bond 
when co-ordinated to the TM salt. Increasing the steric hindrance around the ring should decrease the 
ability of the ligand to co-ordinate to the TM salt, which should, in turn, reduce the dissociation 
temperature. This has been achieved through the increasing the steric hindrance in the 2 position. 2- 
methyl-5-nitroimidazole has also been coordinated to the transition metal salt. The presence of the 
nitro group, which is a very strongly electron withdrawing, reduces the electron density of the lone pair 
of electrons involved in forming the complex with the TM salt. Increasing the time that the lone pair of 
electrons spends on or near to the nitrogen reduces the bond strength of the ligand, resulting in a 
lower dissociation temperature.
2.5 Introduction to the use of Metals in Curing Agents.
The use of metals to modify epoxy resins has been widely studied over the last thirty years and is well 
documented in the literature (Chapter 1.4). This next section will concentrate on the use of metals to 
modify curing agents either to improve physical properties of the cured resin, such as toughness, 
thermal stability etc., or as a means of reducing the reactivity of functional groups present in the curing 
agent. Many curing agents are highly reactive towards epoxy resins and cure in a matter of days or 
even hours. Those curing agents that are latent [i.e. do not react at ambient temperatures (20 ± 15°C)] 
are often insoluble in epoxy resins. In many cases curing agents possess a lone pair of electrons that 
can open the strained oxirane ring either to initiate homo-polymerisation, when used in catalytic
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amounts, or act as co-curing agent in stoichiometric amounts. The presence of lone pairs of electrons 
in the curing agent means that they can form dative covalent bonds with memo- and poly-valent metals 
and once these bonds are formed these agents become inherently less reactive toward the epoxy 
resin. Heating of these compounds above their dissociation temperature releases the lone pair of 
electrons so that they can react with the epoxy resin which causes these resins to undergo an 
exothermic polymerisation reaction. Initiation of this reaction can occur at ambient temperatures to 
around 200°C and may endure post cure temperatures as high as 400°C, depending on which type of 
epoxy system is being cured (the latter involving novolac epoxies)^*. Typically, for commercial 
applications, initiation temperatures between 120-170°C are used for amine-cured epoxy resins.
The high reactivity of epoxies towards most of the common curing agents means that these systems 
have to be stored as two-part systems, with mixing together only being possible prior to the resin's use 
or processing and once they have been mixed they have a limited shelf life (without freezing). These 
factors mean that this method is costly and it is difficult to maintain reproducibility between batches. A 
more favourable system is what is known as a one-pot system, where both the epoxy resin and the 
curing agent are mixed and stored over a period in excess of one month with little, or no, reaction 
occurring. This method removes both the cost and the reproducibility errors because (i) the batches 
and end products need not be frozen and (ii) the larger batch sizes allow for greater reproducibility.
2.5.1 Catalysts - Imidazoles and their derivatives
N:
V
Figure 2-6 Imidazole
Transition metal complexes were first reported in the early 70s for the use in the formulation of latent 
curing agents for epoxy resins by Dowbenko^'’’'''' et ai. These patents and a subsequent paper'^  ^
describe the use and possible use of a large number of transition metal salts forming complexes with 
various imidazoles. Dowbenko et ai. have shown that there is a significant improvement in the storage 
stability at 38°C of the imidazoles when complexed to transition metals relative to the uncomplexed 
imidazoles. This group has carried out extensive studies into twelve different imidazoles complexed to 
eight different transition metal salts, characterising their stability in an BADGE epoxy resin (Epon 828). 
This study shows that there is an increase in the shelf life when using these complexes relative to
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uncoordinated imidazoles, which typically give shelf lives of one to two days when formulated into the 
epoxy resin. However, this study was only carried out over a relatively short period of time (eight 
days). Studies on new one-pot systems are expected to yield shelf lives in excess of one month and 
therefore the characterisation of the shelf life should reflect this requirement.
Dowbenko et al. have also studied the time taken for these one-pot systems to gel at elevated 
temperature (176°C). In this study the TM-imidazole/epoxy systems were mixed in a 5.7 cm diameter 
aluminium dish and placed into an oven, heated to 176°C and checked every 30-60 sec for signs of 
gelation (Table 5-7). This less reliable manual method is now performed automatically using a 
rheometer that has the capability of measuring the gel point more accurately by measuring the point at 
which the G’ (storage modulus) crosses G” (loss modulus) plot*'^ .
Dowbenko et al. postulated that there are several possible routes to the curing of epoxy resins using 
the complexed imidazoles. He stated that it was a reasonable assumption that the active species 
initiating the polymerisation was the imidazole itself and the problem was one of establishing the mode 
by which the imidazole was released from the complex. Dowbenko et al. also postulated that there 
was a relationship between the dissociation temperature and the gel time and stated that the stability 
of the complex was not a significant factor in the degree or effectiveness of the cure. If the ligand does 
not dissociate from the metal centre at the elevated temperature it will be unable to react with the 
epoxy resin and this therefore will have a bearing on the effectiveness of the cure. Poncipe'^  ^ carried 
out work into the epoxy-imidazole adducts complexed to TM salts and concluded that there was a 
temperature-dependent induction period associated with the first-order reaction and that the nature of 
the metal ion was important in determining the length of this induction period. Poncipe found that the 
order of stability of the transition metals followed the order of stability predicted by the spectrochemical 
series {I.e. Cu(ll) > Ni(ll) > Co(ll) for TM(1 :1 )4 (N0 3 ) 2  and TM(1 .-1 )4 0 1 2 ) and therefore that complexes of 
copper had a higher dissociation temperature than the equivalent cobalt complexes. The presence of 
substituents on the imidazole ring also affects the reactivity of the lone pair of electrons on the 
nitrogen. This can be through simple steric effects or through inductive effects to alter the ligand’s 
reactivity towards the strained oxirane ring.
As a development of the work carried out by Dowbenko et al. some fifteen years earlier, Barton’^  ^
discussed the use of differential scanning calorimetry (DSC) and viscometry (see Chapter 2 ) as his 
primary methods for evaluating the shelf life, gel-point, and cure characteristics of a related system.
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One of the criteria in developing curing agents for epoxy resins is to develop compounds that are 
soluble in epoxy resins. One of the problems with the TM-imidazole curing agents developed by 
Dowbenko et al. is that they are poorly soluble in the epoxy resin. ^
Barton"^  ^ in the mid 80's carried out work on solving the solubility problem and developed a series of 
imidazole curing agents that have been reacted with phenylglycidyl ether and then complexed to 
various TM salts (Figure 2-7)
OH
N:
2-ethyl-4-methylimidazole Phenylglycidyl ether 
(EM!) (PGE)
1:1 PGE-EMI
Figure 2-7 PGE E M I Reaction
This modification to the starting materials can significantly improve the solubility of the end complex in 
epoxy resins. The increased solubility is a result of the PGE, which has resulted in the complex having 
similar features to the epoxy resin.
Work in the area of modified imidazoles began in the early 1980’s, as imidazoles are highly effective 
curing agents (cross-linkers) for epoxy resins and readily react with the epoxide functionality at room 
temperature. The general interaction between the lone pair of electrons on the imidazole and the 
epoxy resin is outlined in Figure 2-8.
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Figure 2-8 Catalytic ring opening o f the oxirane ring by a lone pair o f electrons.
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Imidazoles are primarily used as catalysts for the homopolymérisation of the epoxy resin and only 
catalytic quantities are needed to initiate the reaction. This reactivity at room temperature proves to 
be a problem resulting in a relatively short shelf life of the end product,^which can be as little as a few 
days without freezing the pre-impregnated fabric (prepreg), [typically to around -18°C, once the 
prepreg has been produced]. The Ministry of Defence (MoD) has researched into methods of 
preparing reaction systems as one-pot systems, in preference to the more expensive two-part 
systems. Previous work has involved inhibiting the reaction between the reactive lone pair of electrons 
on the nitrogen group of the imidazole with the chemically unstable oxirane ring. This has been 
achieved through the co-ordination of the lone pair of electrons to a metal centre, effectively 
preventing them from interacting with the 5+ site of the epoxide. The patent''^ which resulted from this 
work, outlined solubility problems when complexing imidazoles to the metal centre. This problem has 
been addressed through complexing phenyl glycidyl ether (PGE) and 2-ethyl-4-methylimidazole (EMI) 
in 1:2 and 1:1 ratios to various transition metal salts including Cu(ll), Ni(ll), and Co(ll). The use of PGE 
in the complex has significantly increased the solubility of the complex in both the epoxy resin and 
common organic solvents. Hamerton et al. have reported that complexes with Cu(ll) salts have the 
greatest stability in the epoxy resin"^ .^ For this reason, the majority of work has been carried out on 
complexes bearing this metal centre''' ’^''^ ’'^ '*’''’ "^ ". From the literature, the best of the modified systems 
have been reported to have shelf lives of around 2600 hrs (108 days), compared to the unmodified 
system of 430 hrs (18 days) at ambient temperatures'^^ Although the imidazoles have been inhibited 
through the co-ordination to the metal centre, heating these complexes to temperatures below those 
used for the cure schedule releases the imidazole from the metal centre, allowing the imidazole to 
react with epoxy resin. The cure schedules for these modified systems tend to involve longer cure 
times and higher temperatures to effect the cure due to the stability afforded from the complexation. 
Even with this increased parameter the thermal, dielectric and water adsorption properties of the end 
polymer tend not to be significantly affected by the presence of the metal atom'^^
Extensive studies on PGE-EMI curing agents for epoxy resins have been carried out by Hamerton*^’ et 
al. and the TM/PGE-EMI complexes have shown excellent storage stability in epoxies. The viscosity of 
the TM/PGE-EMI epoxy resin system remained relatively low (3000 Pa.s) after a period of 2600 h 
while the corresponding PGE-EMI had a viscosity 8000 Pa.s after only 430 h at ambient temperature. 
It is also possible affect to partially cure these complexes for a short period of time (ca. 5 min) at
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elevated temperatures (120-140°C) with little or no cure occurring once the system has been 
quenched back to room temperature''’ . In this work Hamerton et al. used FJIR to monitor changes in 
the oxirane ring breathing vibration at 917 cm'  ^ to determine epoxy conçentration (with the substituted 
aromatic stretch, 1608 cm '\ being taken as the internal standard). Further investigation using^H NMR 
(proton nuclear magnetic resonance spectroscopy) has also shown that there is little progression in 
the cure after 6 h. Barton''  ^ ef a/, carried out kinetic studies on the TM/PGE-EMI complexes reacting 
with the epoxy resin using NMR. In their work experiments were carried out in solution ([^HeJDMSO) 
at 100-140°C and observing the fractional conversions between two protons and their chemical shift 
as a result of the reaction niade it possible to calculate the rate of conversion and therefore the kinetic 
rate law.
Hamerton'"*’''’*’^ ' et al. have also observed the effects of time and temperature on the formation of the 
resin networks using a combination of the techniques dynamic viscometry (DV), DSC, NMR, and 
gel permeation chromatography (GPC). In these studies, observations made at different temperatures 
over a period of time to evaluate the physical parameters of the resin systems. They reported that 
complexing PGE-EMI and PGE2-EMI to CUCI2 increased the time needed for MY720 (precursor to 
MY721) and MY750 to reach 100 cPs (60 min and 76 min respectfully) and that increasing 
functionality by reacting with a second PGE molecule made it possible to further increase the time 
taken for the system to reach 100 cPs by about seven minutes.
Hamerton^^ et al. reported work on the preparation, characterisation and thermal properties of a large 
number of M-lmidazole complex curing agents for epoxy resin. In this study, EMI and PGE-EMI have 
been complexed to various metal salts and introduced into BADGE type resins. Hamerton et al. have 
looked into the reaction kinetics associated with the initial propagation (ki) of the homopolymérisation 
after dissociation from the metal centre and the homopolymérisation process (k2 ) with each of the TM- 
PGE-EMI systems displaying rates for propagation in the order of 5 to 6 x 10'  ^s'^  using ^H-NMR 
Kaplan" et al. carried out work on imidazoles complexed to a series of lanthanide metal salts, 
[M(THD)3 -IM] M = Eu, Ho, Pr, Dy, Yb and Gd with THD = 2,2,6,6-tetramethyl-3,5-heptanedione, IM = 
imidazole mixed with BADGE (EEW = 195), as latent imidazole curing agents The rare earth elements 
produced shelf lives in excess of one week in comparison to the two day shelf life of the parent 
imidazole. They also observed that the shelf life and the cure temperature of the curing agent were 
dependent on the ionic radius of the rare earth metal in the complex with an increase in ionic radius
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yielding a decrease in the shelf life e.g. Pr (Ionic radius = 0.990 Â) was solid after 22 days while Yb 
(ionic radius = 0.858 Â) remained liquid after 36 days. These results mean that the ligands on the 
larger ion compounds are either sterically more accessible to reaction with the epoxy resin or they are 
more labile than with the smaller ions, which means that the ligands are easily lost at lower 
temperatures. Changing the metal to which the ligand is attached can significantly alter the cure 
characteristics of the system, meaning that it is possible to tailor the cure temperature of the curing 
agent by changing the metal centre. Kaplan et al. also observed that it is possible to reduce the cure 
temperature of the developed curing agent by changing the ligand and coordinated a series of 
functionalised imidazoles to europium, increasing the steric hindrance with bulkier groups (Im, 2MelM, 
2EtlM and 2,4EMI) and reducing the peak maximum from 162°C (Im) to 148°C (2EtlM) without 
affecting the Tg of the end system (120°G to 108°C respectively. The steric hindrance effects conferred 
by methyl, ethyl and bulkier groups adjacent to the imido nitrogen reduces the ability of the lone pair of 
electrons to interact with the lanthanide metal centre, thus reducing the strength of the resulting 
coordinate bond.
Dowbenko" et al. have used the information gained from experiments with the imidazole complexes 
and applied it to imidazolium salts (Figure 2-9).
R R'
\ - N ^
I
R' X '
Figure 2-9 R and R ’ represent hydrogen, alkyl aryl or a substituted alkyl or aryl, and X  is Cl, Br, I, sulphate 
or phosphate.
Dowbenko et al. have reported that once these complexes have been mixed with the epoxy resin they 
have relatively long shelf lives at room temperature, typically in the order of 4-6 months. However, 
once these complexes are heated to the cure temperatures 122°C (BADGE) and 170°C (TGDDM) 
they have long cure schedules and a nitrogenous based accelerator (e.g. dicyandiamide, DiCy) is 
needed to reduce the cure time [e.g. Cu(2-dimethyl-3-benzylimidazdlium chloride).Cl2 takes four and a 
half hours to cure although this can be reduced to nine minutes upon addition of 20phr DiCy].
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2.5.2 Amine Based Complexes
The use of aromatic and aliphatic amines complexed to transition metal elements has been reported in 
the literature"'"'^^'" by Kurnoskin. Within these papers, Kurnoskin exarpined the use of the complexed 
amines as a method of introducing transition metal elements into the polymer structure, rather than 
using the complexation for its latent properties. Kurnoskin discusses the production of chelated o- 
phenylenediamine (OPD) complexes of salts of metals and organic acids and various other aromatic 
polyamines and his results suggest that there is a significant increase in the thermal oxidative stability 
of the copper containing polymers. Kurnoskin also reported that, as well as enhanced thermal 
oxidative stability gained from the presence of the transition metal, improved water resistance can be 
built into the resin by changing the metal and the ligand used to react with the epoxy resin.
Less H2O More H2 O 
cydien < then < dien < en
H, H, H, H, H, H, H; Hg Hg
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Figure 2-10 hydrophobicity o f epoxy resins cured with aliphatic polyamine ligands
Less H2O More H2 O
Fe^  ^< Cu^  ^< Zn^  ^< Ni^V< Co^  ^< Mn^^
Figure 2-11 hydrophobicity o f epoxy resins with various transition metal present in the matrix.
From these studies, Kurnoskin reported that the gel and cure times were dependent on composition of
the chelate (Figure 2-12)
trien > cydien > dien > en 
Mn'** > Ni *^ > Fe^* > Zn^* > ~ Cd^^
CH=N(CH2)C6H4C00' > H2 NC6 H4COO' > CHaCOO' > CH2=C(CH3)C00‘ > C6H4C00" > HOC6 H4COO’ 
Figure 2-12 Effects o f Composition on the Cure Time.
Kurnoskin"’" ’' ^ ' ' ' a l s o  examined the effects that each of the different curing agents had on the 
heat deflection temperature (HDT), compressive strength (oc). flexural strength (of), tensile strength 
(at), flexural modulus (Ef), tensile modulus (Ef), elongation at break ( e j  and water. From these data he 
correlated the effects on the above parameters of changing the transition metal, the ligand and the 
counter-ion, and this has been discussed in more detail in a recent paper located in the back of this 
thesis.
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Kurnoskin" suggested that the maximal mechanical strength was obtained when 1 mol of BADGE was 
cured with 0.14 mol of hardener; this value was based on the theory of solidity and was taken from the 
mean value of the hardener concentrations with respect to its corresponding highest value of the 
solidity coefficient.
Kurnoskin" also reported the use of aromatic and heterocyclic amine complexes of OPD, meta- 
phenylenediamine (MPD) and para-phenylenediamine (PPD) complexed to Zn(ac ) 2  as curing agents 
for epoxy resins. In this study Kurnoskin shows that these complexes have roughly the same gel time 
at 120°C as the uncoordinated ligands. In the same manner as the work involving the aliphatic 
amines, Kurnoskin observed the effects of changing the metal, ligand and the counter-ion on the 
physical properties of the cured resin.
Hamerton" et al. reported the use of metal-aromatic diamine complexes and their influence on the 
cure of a commercial epoxy resin (BADGE). They have studied diaminodiphenyl sulphone (DDS), o- 
phenylenediamine (OPD), p-phenylenediamine (PPD), diaminodiphenyl methane (DDM) when 
complexed to copper(ll) chloride. The formation of these M-diamine complexes reduced the reactivity 
of the ligand towards the epoxy resin at 100°C.
2.5.3 Metal Containing Curing Agents
Matsuda**  ^et al. have reported in the literature the use of divalent metal salts of p-aminobenzoic acid 
(p-ABAcid) (Figure 2-13) as cross-linking agents for polyureas. Although this work is outside of the 
scope of this review they have investigated the use of M-(p-ABAcid) as a cross-linking agent for 
BADGE with a diamine such as DDS and 4,4'-methylenediamine (MDA).
80°C 1 h
p-aminobenzoic acid M-(p-aminobenzoic acid)g
Figure 2-13 Formation o f Divalent p-Aminobenzoic Acid Compounds (M  = M g or Ca).
Matsuda et al. reported that these compounds were not soluble in BADGE and needed to be dissolved 
in dimethyl formamide (DMF) prior to mixing with BADGE. Once the M(p-ABAcid) was fully mixed, the 
DMF was removed and the M(p-ABAcid) precipitated. Precipitation can be a problem, due to 
heterogeneity resulting in uneven curing of the resin. However, this was prevented by heating the 
BADGE DMF/M(p-ABAcid) solution for an hour at 100°C which enabled the amine groups to react with
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the epoxy resin, hence increasing its solubility. The incorporation of M(p-ABAcid) into the 
BAD G E/M DA resin system reduced the gel times from 70 min for MDA-BADGE to 40 min for Mg(p- 
ABAcid) and 30 min for Ca(p-ABAcid) . The tensile and compressive ^strength were not significantly 
affected by the presence of the M(p-ABAcid) although the HDT showed a tendency to decrease from 
153°C to 145°C upon addition of the Mg(p-ABAcid) and 132°C for Ca(p-ABAcid).
2.5.4 Phthalocyanine Complexes
Parry" in the late 1960’s developed the use of phthalocyanine compounds (Figure 2-14) to give cured 
resins with excellent thermal and chemical resistance and good resistance to water.
Figure 2-14 Phthalocyanine Ligand.
Y = H or a polyvalent metal, R = - C O O H ,  - C O O R ,  - C O O M ,  (M = ANY monovalent or polyvalent metal) S O 3 H ,  S O 3 M ,
SO 3 R, -CONH2 , -CONHR, CONHNH2 , -SH. -RSR, -RSSR, -CHO, CONHNH2 , -CN, -RON, -C (=0)R , -C (= 0 )0 R 0 H , - 
C (= 0 )0 R C 0 0 H , -01, -Br, -I, -F, -OH, -NH2 , NHRNH2 silicon containing, phosptiorus or boron containing radicals,, 
heterocyclic groups etc.
Parry developed copper analogues of the phthalocyanine complex, copper phthalocyanine tetra- and 
octa-carboxylic acid and copper phthalocyanine tetraanhydride, which show excellent tensile sheer 
strength after ageing at elevated temperatures e.g. Cu(phthalocyanine) octacarboxylic acid only 
showed a drop of 2200 kPa from 13238 kPa after 103 hours at 260°C followed by a further 11 hours at 
315°C.
Achar"’^ ''’"  et al. developed a series of metal(ll) 4,4’,4”,4”’-phthalocyanine tetramine (MPTA) 
complexes as curing agents for heat resistant epoxy resin formulations (Figure 2-15) and have studied 
the thermal stability attributed to using these ligands.
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Figure 2-15 Addition Reactions o f Amino Groups o f M P T  As with Epoyxides.
In this study Achar et al. formulated different resin systems using the epoxy novolac DEN 438 (Figure 
2-16)
c -o
Figure 2-16 Structure o f Epoxy Novolac 438 (n = ca. 1.6)
Achar et al. report that these complexes are soluble in aprotic solvents, such as dimethyl sulphoxide, 
dimethyl acetamide and dimethyl formamide, which allows the introduction of the stable 
phthalocyanine structure into the epoxy resin. BF3 MEA has been used to promote the cure of the 
reaction at a lower temperature (e.g. peak maximum for DEN 483 + CuPTA = 325°C is reduced to 
220°C upon addition of BF3 -MEA). The formulation of TM-PTA and BF3 -MEA with DEN 483 has also 
increased the thermal stability of the cured resin with an increase initial polymer decomposition 
temperature (PDT) of 109°C in air and 104°C in nitrogen. Achar et al. have reported good physical 
properties when using these compounds as curing agents with the toughness of the end-cured resin 
further being improved with the introduction of 3-5phr of Hycar carboxy-terminated butadiene- 
acrylonitrile (CTBN) elastomer (e.g. increase in the tensile strength by 80MPa upon addition of CTBN 
to the DEN/CUPTA/BF3 -MEA system), although the water adsorption also increases. The tensile
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strength of these compounds seem to be an order of magnitude greater than those developed by
Kurnoskin using M-amine ligands as curing agents and Matsuda using M(p-ABAcid) complexes as
/
curing agents. ,,
2.5.5 Scliiff Base Ligands.
Chantarasiri et al. have developed tetradentate^^ and hexadentate '^^ Schiff base metal complexes that 
act as cross-linking agents for epoxy resins (Figure 2-17).
H0 _ , 0 H'CC,
H K
HO^HO OH
N =-
NH HN-
M(OAc)2.xHzO
HO OH
■=N
NH HN
H H
Figure 2-17 Formation o f Tetradentate (M  = Cu^ ,^ Co^ ,^ and Hexadentate (M  = Zn^^) Schiff Base
Complexes
Epoxy resins can be cured not only by amine based curing agents but also by hydroxyl based curing 
agents such as bisphenols. The work carried out by Chantarasiri et ai. has been to develop epoxy 
curing agents which possess a bisphenol type structure. Like many phenolic-cured epoxy resins, 
these systems need additional accelerators/catalysts to improve the cure profile of the resin system. 
Investigations into various different accelerators, which are used in the acceleration of phenolic/epoxy 
curing systems, have resulted in the use of tetrabutylammonium hydroxide (BU4 NOH) as the 
accelerator for the system. The addition of the BU4 NOH significantly reduces the DSC peak maximum 
(e.g. peak maximum of Cu(ll) tetradentate complex = 200°C is reduced to 157°C upon addition of 10 
mol% of curing agent), which in turn reduces the cure time or the temperature profile of the reaction.
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Chantarasiri et al. showed that the introduction of these Schiff metal complexes into the epoxy resin 
network gave good thermal stability and tensile strengths when compared to epoxies cured with 
anhydride and triamine (Table 2-1). ^
Table 2-1 Changes in Physical Properties with a Change in Curing Agent Concentration.
Curing Agent Mol To' r c ) % Weight Loss‘s Tensile
Ratio of No 2 0  mol% No 2 0  mol% Strength‘S
ML : BADGE BU4NOH BU4NOH BU4NOH BU4NOH (N/mm^)
Tetradentate 1 : 1 2 - 130 - 2 . 1 69
CuL 1 : 6 78 153 3.2 3.0 41
Tetradentate 1 : 1 2 - 82 - 5.3 44
CoL 1 : 6 1 0 2 130 2 . 8 5.1 37
Tetradentate 1 : 1 2 - 103 - 4.6 45
NIL 1 : 6 95 115 2.7 3.3 40
Hexadentate 1 : 1 2 - 1 0 2 - 2.7 -
NIL 1 : 6 - 127 - 3.4 -
Hexadentate 1 : 1 2 - 135 - 3.7
ZnL 1 : 6 - 144 - 4.1 -
Diethylenetriamine - 96 9.1% after 2hrs 44
Maleic Anhydride - 143 4.0 56
(a) Obtained from DMA thermograms, (b) Heated at 250°C for 48 h. (c) Plus BU4 NOH 20 mol% of curing agent. L = Schiff 
Ligand
2.6 General Preparations for Analytical Techniques.
Microanalysis has been carried out on some of the more promising complexes where samples (1-2 
mg) were placed into a tin container placed in a high temperature furnace (1800°C) and combusted in 
oxygen. The resulting combustion products pass through oxidation reagents to produce from the 
elemental carbon, hydrogen and nitrogen, carbon dioxide (CO2 ), water (H2 O), nitrogen and N oxides 
respectively. These gases were passed over copper to remove excess oxygen and reduce the oxides 
of nitrogen to elemental nitrogen. Helium was used as the carrier gas. Other elements present were 
removed by the use of specialised combustion reagents. The analysis was carried out on an Exeter 
Analytical EA440 CHN/O/S Elemental Analyser. Magnetic susceptibility experiments have been 
carried out on the complexes using a Stanton Instruments SM12 Gouy balance (N°. 21152). A 
cylindrical sample is suspended in a non-homogeneous magnetic field to which a 1 amp current is 
applied to induce an increase or a decrease in the sample weight. Infrared data were acquired by 
grinding the sample, and incorporating it in a KBr disk, which was placed in holder. This was placed in 
the sample compartment of a Perkin Elmer System 2000 FT-IR spectrometer. Spectra were obtained 
at 20°C with a resolution of 4 cm'  ^ under strong apodisation, and 16 scans were summed to improve 
the signal-to-noise ratio.
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2.7 General Preparative Methods for Novel Curing Agents
2.7.1 Complexes containing the o-phenylenediamine ligand /
The copper complex was initially prepared using a reaction procedure (a), which is based on the 
preparation of chromium OPD complexes from CrCl2 .4 H2 0 ^^  This has been simplified with procedure 
(b).
a) In a 250 cm  ^ conical flask OPD dissolved in ethanol (40 cm^) was added to transition metal(ll) 
(TM(II)) (0.1 mol) and periodically shaken vigorously for one hour. The complex was then filtered 
via a Büchner funnel and washed with ethanol to remove any uncomplexed OPD.
b) In a 500 cm  ^ reaction vessel industrial methylated spirit (IMS) (50 cm^) was heated under stirring 
at 40°C. Into two separate 250 cm  ^ dropping funnels OPD (0.3 mol) dissolved in IMS (125 cm^) 
and the TM-salt (0.1 mol) dissolved in IMS (125 cm^) were added simultaneously to the reaction 
vessel and allowed to react for one hour. The precipitate was then filtered and washed with three 
50 cm  ^aliquots of IMS.
2.7.2 Complexes containing the 2-aminobenzylamine ligand
a) In a 1000 cm^ reaction vessel ethanol (150 cm^)was placed and heated to 40°C. Into two separate 
250 cm  ^dropping funnels were placed 2-ABA and TM-Salt (0.01 mol), and both were dissolved in 
ethanol (75 cm^). Each of the solutions was added to the reaction vessel simultaneously. The 
compound was then vacuum filtered and dried overnight in a vacuum desiccator at room 
temperature.
b) 2-ABA and TM-Salt (0.01 mol) were added in a mortar and lightly ground together using a pestle 
until near homogeneity was achieved. To this mixture was added ethanol (3 cm^) and mixed 
further. The resulting mixture was removed and placed on a petri dish and dried overnight in a 
vacuum desiccator at room temperature.
As with all reactions it was necessary to optimise certain parameters to obtain the highest yields and 
hence reduce the ultimate cost of producing the compound. The optimisation has mainly been 
concerned with the reduction of the level of solvent used to produce the complex. The action of 
carrying out the reaction in a low solvent concentration meant that there was a higher probability of 
forming the desired ligand to metal ratio. Initially, each of the reactions were carried out in a high
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volume of solvent, typically 300 cm  ^ of solvent to dissolve 5 g of starting material. This level was 
reduced greatly in all but one of the reactions.
• Optimisation of Cu(2-ABA)2.Gl2 i
In a conical flask, 2-ABA (0.2 mol) was dissolved in of ethanol (75 cm^) and heated under constant 
stirring to 40°C. In a 50 cm  ^dropping funnel CUCI2 .2 H2 O (0.1 mol) was dissolved in ethanol (40 cm^) 
and slowly added drop-wise to the 2-ABA solution. The dropping funnel was washed with a further 
aliquot of ethanol (10 cm^) and allowed to stir at 40°C for a further 15 min. Once the complexation was 
complete the reaction solution was placed in an ice bath to encourage the precipitation of the complex. 
The resulting precipitate was filtered via büchner filtration and dried overnight in a vacuum desiccator.
• Optimisation of Cu(2-ABA)2. (ac)2
Into a mortar were placed Cu(CH3 C0 0 )2 .H2 0  (0.1 mol) and 2-ABA (0.2 mol) and these wereground 
together until a homogeneous mix was obtained. To this mixture ethanol (7.5 cm^) was added drop 
wise under constant grinding to ensure a 1:2 mixing ratio. Grinding was continued for a further ten 
minutes and then the solution was transferred via pipette to an excess of diethyl ether. The solution 
was allowed to stand overnight and then filtered to collect a blue precipitate, which was washed with 
diethyl ether and dried overnight in a vacuum desiccator at room temperature.
• Optimisation of Ni(2-ABA)3.Cl2
Into a mortar were placed NiCl2 .6 H2 0  (0.1 mol) and 2-ABA (0.3 mol) and these were ground together 
until a paste formed. The paste was transferred to a 50 cm  ^ beaker containing ethanol (10 cm^) and 
standing overnight allowed filtering off of the precipitate and washing it with diethyl ether the product 
was dried in a vacuum desiccator at room temperature overnight.
• Optimisation of Ni(2-ABA)3.(ac)2
Into a mortar were placed Ni(CH3 C0 0 )2 .4 H2 0  (0.1 mol) and 2-ABA (0.3 mol) and ground together until 
a homogeneous mix was obtained. To this mixture was add isopropanol (7.5 cm^) drop wise under 
constant grinding to ensure a 1:3 mixing ratio. The mixture was ground for a further ten minutes and 
then transferred via pipette to an excess of diethyl ether. The solution was allowed to stand overnight 
and then the lilac precipitate was filtered off and washed with diethyl ether and dried in a vacuum 
desiccator at room temperature overnight. It has been possible to obtain high yields with the optimised 
methods of production. Further optimisation is needed for the production of Ni(2 -ABA)3 .(ac) 2  in order 
to increase the yield > 90% (Table 2-2).
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2.7.3 Complexes containing the anthranilamide ligand
The Cu(ll)-Salt (0.01 mol) was dissolved in ethanol (100 cm^) in a 500 cm  ^ three necked round 
bottomed flask (3N-RBF) and heated under constant stirring to 40°C. Anthranilamide (0.02 mol) was 
dissolved in ethanol (50 cm^) and added drop wise to the solution under constant stirring 15 min. The 
precipitate was filtered and washed three times with ethanol.
2.7.4 Complexes containing the anthranilamide and imidazole ligands
The Cu(ll)-Salt (0.01 mol) was dissolved in ethanol (100 cm^) in a 500 cm^ three necked round 
bottomed flask (3N-RBF) and heated under constant stirring to 40°C. Anthranilamide (0.02 mol) was 
dissolved in ethanol (50 cm^) and imidazole (0.02 mol) was dissolved in ethanol (50 cm^) [in separate 
dropping funnels]. The solutions were added dropwise simultaneously under constant stirring over 15 
min. The precipitate was filtered and washed three times with ethanol.
Table 2-2 Physical characteristics o f complexes synthesised in this work.
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Complex L:M
Ratio*
MP
(“C)
Colour Yield
{%)
Solvent Peff
(BM)
Micro Analysis %)
C H N
CU(0PD)2C12 2 : 1 >250 Khaki
Green
95 EtOH
CU(0PD)3CI2 3:1 >250 Khaki
Green
99 EtOH
Ni(OPD)3.Gi2 3:1 >250 Light Blue 98 EtOH Calculated 47.62 5.33 18.51
Found 47.82 5.41 18.52
Ni(OPD)2 .Br2 3:1 >250 Blue 89 EtOH Calculated 39.82 4.46 15.48
Found 39.88 4.54 15.18
Cu(2-ABA)3.Cl2^ 3:1 199 Dark Green 8 8 EtOH 1.82 Calculated 44.39 5.32 14.79
Found 43.89 5.35 14.54
Ni(2-ABA)3.Cl2"
Ni(2-ABA)3.(ac)2^
3:1 135 light purple 6 8 EtOH 2.90 Calculated 50.84 6 . 1 0 16.94
Found 50.10 6.71 15.48
3:1 128 Light purple 93 EtOH 3.07
Cu(2-ABA)3.(ac)2^ 3:1 144 Blue 93 EtOH 1.84 Calculated 50.75 6.15 13.15
Found 50.79 6.35 13.11
Ni(2-ABA)3.(ac)2° 3:1 230 Green - AcO
Ni(2-ABA)3.(ac)2° 3:1 230 Green - EtOH/AcO^
Ni(2-ABA)3.(ac)2° 3:1 117 Purple 81 IPA Calculated 55.27 6 . 6 8 15.47
Found 52.22 7.13 14.29
Ni(2-ABA)3(ac)2° 3:1 128 Purple 81 EtOH
Cu(2-ABA)3.(ac)2° 3:1 140 Blue 93 IPA
Cu(2-ABA)3.(ac)2° 3:1 - Green - IPA/DEE^
Cu(2-ABA)2.Cl2° 3:1 - Green 99 IPA/DEE^
Cu(2 -ABA)3 .Cl2° 3:1 - Light green - EtOH/DEE^
Ni(2-ABA)3.Cl2° 3:1 - Green 93 -
Cu(Anth).(ac)2 2 : 1 >230 Light green 92 EtOH 1.29 Calculated 41.57 4.44 8.82
Found 41.35 4.44 8.57
Cu(Anth)2 .Cl2 2 : 1 145-
150
Green 99 EtOH 1.26 Calculated 41.34 3.96 13.77
Found 41.05 5.04 11.62
Cu(Anth)(im)Cl2 2 :2 : 1 150 Green 56 EtOH 1.53 Calculated 35.46 3.57 16.54
Found 34.59 3.45 15.97
t  = Solvent used to wash the sample, a and b = denote the reaction scheme (Chapter 2.7.2).
L= ligand, M= transition metal, MP = melting point, ji«ff = magnetic moment.
(‘ NOTE -  Specific analytical details for these complexes are given later in the results and discussion sections)
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2.8 Evidence for Complexation of Ligands to Transition Metal Salts
The methodology, which has been developed has been to inhibit the reactivity of amine based curing 
agents through the complexation of the reactive lone pair of electrons to a transition metal salt. Initial 
work, which has been carried out in this area has looked at forming complexes with imidazole and 
modified imidazole curing These curing agents are primarily used to initiate the
homopolymérisation of the epoxy resin, and the cured polymers therefore have a low glass transition 
temperature (Tg). Cu(ll) and Ni(ll) salts have been the primary choice for the formation of complexes in 
this study. In its ground state, copper has a single s electron outside the filled 3d-shell {3di^°4s') and 
has two common oxidation states (I, II). In this study Cu(ll) chloride has been used in the formation of 
complexes in which the copper ion exhibits in its cf configuration. The cf configuration of Cu(ll) means 
that when placed in a cubic environment it exhibits Jahn-Teller distortion, which has a profound effect 
on its stereochemistry. When Cu(ll) complexes are placed in an octahedral environment distortions 
are observed in the atomic distances between axial atoms. This distortion plays an important role 
when deciding which diamine ligand to use when forming complexes with Cu(ll). The spectral and 
magnetic properties of Cu(ll) complexes reflects the relatively low symmetries in the environments in 
which the ions are found. This makes a detailed analysis of their spectral and magnetic properties to 
some extent more difficult^  ^ Cu(ll) complexes in an octahedral environment tend to exhibit magnetic 
moments of between 1.75 and 2.20 BM (p.867)^^ although Cu(ll) complexes can exhibit lower 
magnetic moments when in polymeric and bi-nuclear (-1 .4 BM, p.870)^^ orientations. The majority of 
Cu(ll) complexes are blue or green in colour, with the only exceptions being complexes generating 
charge transfer bands, which tail off into the blue end of the visible spectrum causing these 
substances to appear red in colour.
In its ground state, nickel has two s electrons outside a partially filled 3d-shell {3cf4s^). By far its most 
common oxidation state is Ni(ll). The Ni(ll) ion exists in its ( f  configuration and forms a large number 
of complexes, with coordination numbers of 3-6. The maximum coordination of nickel is 6 , which it 
forms with a considerable number of neutral ligands such as amines and water. Ni(ll) complexes in an 
octahedral environment tend to exhibit magnetic moments of between 2.9 and 3.4 BM (p.839)^^ Water 
is sufficiently low in the spectrochemical series (see overleaf) to be displaced by amines with ligands 
of higher denticity overcoming those of lower denticity due to thermodynamic stability factors afforded
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by the formation of ring structures. The spectrochemical series for mono- and poly-dentate ligands is 
outlined below (abridged from Cotton and Wilkinson).
r< Br'< S^'< SCN’< cr< N03 ‘< F’< C204 '<H2 0 <NCS'<CH3CN <N H3<en<bipy<phen<N 0 2 '<PPh'<C N '<C 0 ‘ 
Monodentate < Bidentate < Tridentate < Tetradentate < Pentadentate < Hexadentate
Once each of the complexes has been formed, a series of tests has been carried out to establish the
extent of complexation to the metal. Primarily this is achieved through Fourier transform infrared
(FTIR) spectroscopy to determine whether there are uncomplexed amine groups present in the
complex (Table 2-3). First row transition metal complexes are more often than not coloured
compounds, UV-Visible spectroscopy (UV-Vis) can be used to determine the co-ordination around the
metal, this coupled with the magnetic susceptibility gives the environment in which the metal is
located. Elemental analysis or CHN analysis is another vital tool which can be used to characterise the
complex. This method allows the determination of percentage of carbon (C), hydrogen (H), and
nitrogen (N) present in the complex, which then allows possible formulae to be elucidated. These
complexes are to be blended into epoxy resins that may have varying concentrations of epoxy
functionalities between batches and with age. It is necessary Therefore to elucidate the epoxy
equivalent weight of the resin in order to incorporate the correct loading of curing agent.
2.8.1 Infrared Spectroscopy
Infrared spectroscopy has been used in this study as a tool to elucidate the extent of complexation of 
the ligands to the transition metals. The excitation of molecular vibrations and rotations gives rise to 
transmission bands in the infrared regions (mid-/far-) of the spectrum. The spectra themselves are 
determined by the arrangement of atoms in space (their masses, bond lengths and angles) and by the 
forces between the atoms. When a ligand is co-ordinated, at least one additional atom (the atom to 
which the ligand co-ordinates) is introduced into the ligand's vibrational system and bond lengths and 
angles, and interatomic forces within the ligand would be expected to alter. This means that the 
infrared spectrum of a co-ordinated ligand will differ from that of the free ligand, and therefore it should 
be possible to correlate changes in spectra with the changes in bonding. In this way information about 
the structure of the complex may be obtained. Similarly, there will be changes in the vibrations of the
Monodentate: a molecule that only coordinates to a metal once. Bi- coordinates twice, Tri- three times.
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metal centre, to which the ligand becomes attached, but a study of these is usually more difficult and 
requires different equipment than a study of those associated with the ligand.
The differences between the spectra of free ligand and complex fall into three categories:
1) band position may change (e.g. stretching vibrations usually move to longer wavelengths/lower 
wave numbers)
2) relative band intensities may change (e.g. the most noticeable feature here is the appearance of 
new, often weak, bands)
3) single peaks in the free ligand may split into several closely-spaced bands in the complex.
However, it is seldom possible to place a unique interpretation upon the changes observed even with 
simple ligands. It is not always possible to uniquely associate spectral bands with the vibrational 
modes of the molecule. In practice, therefore, comparisons are made with spectra of compounds in 
which the ligand is co-ordinated in a known way. The results obtained may conveniently fc)e 
exemplified and discussed under the three headings listed above.
2.8.1.1 Aliphatic and Aromatic Amine Peak Shifts
The shifting of the amine peaks to lower wave numbers upon co-ordination to metals have been 
reported by Barvinok^ '^^ '^^  ^et al. In these papers, Barvinok outlined the effect of co-ordinating aniline, 
an aromatic primary amine, to a metal in which the NH2 symmetric (s) and asymmetric (as) vibrations 
shift from 3472 cm"\s) and 3390 cm '\as) to below 3320 cm '\s ) and 3260 cm \a s ) respectively. 
Barvinok also suggests that changing the counter-ion or changing the metal centre affects the shift via 
the variation in the attributes of different metals to accept electrons and the reduction of that ability 
when the cation is in a halide environment. This effectively reduces the electron density around the 
nitrogen, thus affecting the N-C and N-H bond lengths and therefore the frequencies at which their 
bonds vibrate.
a b
Figure 2-18 Bond lengths shortening through conqtlexation to metal,
(carbon = black, nitrogen = blue, hydrogen = yellcw, lone pair = white metai = red)
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The donation of the lone pair of electrons of the amine to the electron-poor metal acceptor 
dramatically shifts the electron density surrounding the nitrogen. The electrons shift towards the metal 
and pull electrons from the other nitrogen bonds (/.e. the N-H and the Nj-C bond), making them shorter 
and thus causing vibration at a higher frequency (lower wave numbers). In the case of the H-N-H 
deformations/scissoring (ô(NH2 )) at 1650-1590 cm'  ^ these will also become faster as the N-H bond 
shortens, resulting in the vibrational frequency moving to lower wave numbers.
The effect of complexing diamines to different metal centres has also been studied by Barvinok et 
In this work they complexed OPD to various different transition metals and noted the shifts in the 
amine peaks associated with changes of the metal and of the anion to be the same as for aniline. The 
fact that there is a shift in the amine peaks is a good indication that there is some interaction between 
the amine and the metal to which it is co-ordinated. Therefore, it can be said that the use of infrared 
spectroscopy can be used to determine whether or not full complexation has occurred. This is a viable 
and quick method for determining whether the developed curing agents will initiate the cure 
prematurely or not (as the free amine lone pair may initiate cure).
In order to evaluate the extent of co-ordination within the complex it is important to identify the location 
of the amine peaks of the parent ligand. The most important regions in which primary amines vibrate 
are given in Table 2-3.
Table 2-3 Characteristic infrared transmission bands o f aliphatic and aromatic primary amines^\
Band Region 
(cm’’’)
Band assignment
3398-3381 (w) Aliphatic N-H stretch
3344-3328 (w) Aliphatic N-H stretch overtones
3509-3460 (m) Aromatic N-H stretch
3416-3382 (m) Aromatic N-H stretch overtones
1650-1590 (m-s) N-H2 deformation (scissor)
1340-1250 (s) Aromatic C-N stretch
1 2 2 0 - 1 0 2 0  (m-w) Aliphatic C-N stretch
* s = strong, m = medium, w = weak bands.
Previous work carried out by Barvinok et al., and later by Marks et has concentrated on the 
determination of the extent of co-ordination of the ligand to the metal by monitoring the shift of the 
amine peaks in the regions 3500-3000 cm'  ^ and 1290-1220 cm'  ^ (Figure 2-19).
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Figure 2-19 Symmetric and asymmetric amine vibrations o f and C-N Stretching 1290-1220 cm'  ^o f 2-ABA
As Figure 2-19 demonstrates, it is very difficult to determine the exact locations of the C-N peaks in 
the 1290-1220 cm'  ^ region. The complexation of 2-ABA to three TM halide salts of Ni, Ou, and Co has 
been extensively studied by Kovala-Demertzi*^ et al. with respect to the amine peak shifts in the region 
of 3500-3000 cm'- and 1290-1220 cm'  ^ and the peak shift in the 1650-1590 cm'  ^ region. Within this 
work, Kovala-Demertzi et al. investigate the complexation chemistry of 2-ABA to first row transition 
metals via investigating their physical properties and other characteristics: magnetic moment (peff). 
molar conductance (Am), melting temperature, elemental analysis and spectroscopic properties; mid- 
and far-infrared (4000-250 cm'^), uv-visible (45000-4000c m'^).
The current work uses these spectroscopic parameters for determining the extent of complexation, 
concentrating on monitoring the more noticeable peak shift of the NH2 deformation (or scissoring) in 
the 1650-1590 cm'  ^ range (Figure 2-19). This band is easily identified at around 1652 cm'  ^ and 
therefore upon complexation the shift in the band should easily be seen. The shift to lower wave 
numbers arises because of the bonds to the nitrogen becoming shorter (Figure 2-18).
2.8.1.2 Acetate Anions
Although using the NH2 deformations as a method of determining the extent of complexation when 
using transition metal (TM) halide salts, the use of the acetate analogue causes masking problems 
due to near-coincident peaks falling in the region. For this reason it is necessary to know the
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approximate regions in which the acetate vibrates in (Table 2-4). Carboxylic anions can co-ordinate to 
the metal in one of four ways*'' (Figure 2-20).
■5
M +25
> M - 0  O
. ^ C H 3  ) - C H 3
O6 - '
I
C K
* M - 0
M - 0
IV
CH.
Figure 2-20 Four types o f acetate (ac) co-ordination to a metal.
X-ray structure determination of the metal acetate salts shows the structure for sodium formate to be I  
(with the two CO bond lengths being the same), whereas the Li(ac).2 H2 0  has the structure shown in I I  
(with two different bond lengths). The current work is dealing with transition metals that generally show 
structures II ,  I I I ,  IV . Although structure I I I  is less common than structure I I  it is known to exist in 
Zn(ac).2 H2 0 , Ni[U0 2 (2 0 )3], Mn(ac)3  and Cr(ac)3 . The unusual bridged acetate is found in one of the 
TM salts used in the study, Cu2 (ac)4 .2 H2 0  and the vibrational spectrum has been studied for 
acetates**'**'*^'**. These studies show that, although there is no marked affect on band shifts of the 
acetate in each of the structures I  - IV , (due to the symmetry of the free ion being low), variations in 
frequency are detected when changing the metal. In a series of salts with structure I I ,  the COO 
asymmetric stretching frequency increases as the M -0 bond becomes stronger; this is not seen for a 
series of compounds with structure IV *’ . Nakamoto has also shown that the symmetrical bridge 
structure of IV  shows band shifts for both of the COO stretches in the same direction (to lower wave 
numbers) upon changing the metal. Infrared frequencies (cm'^) and band assignments are shown 
below (Table 2-4) for acetate ions.
Table 2-4. Characteristic infrared transmission bands o f Na(CH3COO) (cm'^).
Na salt Ag. Soin Band assignment
2989 3010 or 2981 v(CH)
2989 2981 or 3010 v(CH)
2936 2935 v(CH)
1578 1556 v(COO)
1443 1456 0(CH3)
1430 1429 5(CH3)
1414 1413 v(COO)
1042 1052 pr(CH3)
1009 1 0 2 0 prfCHa)
924 926 v(CC)
646 650 5 (0 0 0 )
615 621 7t(C0 0 ) or 7i(CH)
460 471 pr(CH3 ) or 5(CH)
- 1344 5(CH3)
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In general, the peaks for the COO vibrations occur below the peaks for the NH2 deformations in Ni, 
Co, and Ag salts but this is not the case for Cu and Mn salts. Summaries of the peaks are given in 
Table 2-5 and spectra are given in the appendices.
Table 2-5, Characteristic infrared frequencies (cm'^) o f some metal acetates (abridged from Nakamoto).
Ni Salt Co Salt Ag Salt Band assignment Mn Salt Band assignment Cu Salt Band assignment
3 4 7 5 3 4 9 7 3 4 1 2 O H 3 3 8 0 O H 3 4 7 7 O H
3 1 3 5 3 1 2 7 3 2 5 6 3 3 7 4
3 2 7 1
2 9 8 9 v(CH)
1539 1 5 3 1 1 5 6 3 V a s t C O O ) 1 6 4 2 1 6 0 2 V a s ( C O O )
1 4 2 0 1 4 1 7 1 4 1 0 V s ( C O O ) 1 5 6 7 V a s ( C O O ) 1 4 4 5 V s ( C O O )
1 3 9 1 V s { G O O ) 1 3 5 4 8 ( C H 3 )
1 3 4 7 1 3 4 3 1 3 4 2 1 0 5 1
1 0 5 9 1 0 5 8 1 0 4 8 1 0 4 5 1 0 3 3
1 0 3 0 1 0 2 9 1 0 1 8 1 0 2 7 6 9 1
9 6 4 9 5 2 9 5 3 6 2 8 7t(C00) or 7i (CH)
9 0 9 8 8 4 9 3 3 5 2 1
6 7 8 6 7 4 6 5 1 7 6 8
6 2 4 6 2 6 Tt(COO) or %(CH) 6 6 6
5 5 2 5 3 5 6 1 4 7t(C00) or 7t(CH)
4 8 3
The acetate peaks in the 1700-1300 cm'  ^ region are very distinctive with Co, Cu, Ni acetates forming 
two strong peaks at around 1550 and 1420 cm'  ^ (Figure 2-21). The bridged acetate of the Cu acetate 
appears at slightly higher wave numbers, and is due to the structure (IV) of the complex salt.
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Figure 2-21 v(COO) vibrations at ~1550 and 1420cm'^ fo r Co, Cu, N i acetates
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2.8.2 Characterisation of o-Phenylenediamine Complexes
/
2.8.2.1 Elemental analysis '
Elemental analysis of these compounds shows that there is good agreement of the calculated and 
found percentages of CHN for the OPD ligands. This indicates that the complexes that have been 
synthesised have the suggested formulae.
Table 2-6 Elemental analyses fo r N i(II)/O PD complexes.
NKOPDlaClz 0 H N
Calculated % 47.62 5.33 18.51
Found % 47.82 5.41 18.52
[Ni(OPD)3Cl2]4.0PD
Calculated % 48.69 5.45 18.93
Found % 48.60 5.46 18.96
Ni(OPD)3Br2
Calculated % 39.82 4.46 15.48
Found % 39.88 4.54 15.18
2.8.2.2 Infrared characterisation
Table 2-7 Literature^' and experimental Infrared Data fo r OPD complexes.
Literature Values in range 3500 -  3000 cm'^ in range 1290-1220 
cm'^
a) Ni(OPD)2 .Cl2 3293 3199 3152 3109 1250
b) Ni(OPD)2.Br2 3352 3250 3215 3180 3130 1250
c) [Ni{OPD)3].Br2 3333 3260 3200 3133 3080 1258
d) Ni(OPD)4.Cl2 3404 3228 3144 3093 1282 1240
e) Ni(OPD)4 .Br2 3397 3208 3145 3093 1280 1238
f) NI(GPD)6.Cl2 3383 3317 3225 3185 3150 3095 3050 1277 1250,1237
OPD 3384 3361 3279m,br 3175m,br 1274
0PD(CCl4 Solution) 3400 3325 1276
Ni Samples
1. Ni(OPD)3.Cl2 3395' 3287 3221 3142 1282 1241
2. Ni(OPD)3.Cl2 3394 3287 3196 3142 1282 1241
3. Ni(OPD)2.Br2 3348 3259 3139 3083 1257
Cu Samples
1. Cu(OPD)2Gl2 3380 3152 1240
2. Cu(OPD)3Cl2 3400 3190 1280 1240
3. CUEDTA.CI2 1256
*all bands are strong with the exceptions of m = medium and br = broad.
The experirnental data above suggest that one of two things could be happening upon complexation. 
Firstly, that a single OPD molecule may be trapped in the lattice or secondly that one of every four 
nickel complexes takes the form of the b/s[bidentate] and b/s[monodentate] OPD complex. The 
preference for the formation of the b/s[bi] and jb/s[mono] dentate complex in the nickel chloride case
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could be due to the chlorine counter-ion being more tightly bound to the nickel ion. This would lead to 
the bidentate ligands being located on the equatorial positions of the Ni(ll),in preference to an axial- 
equatorial position. It has been shown that it is possible to promote the^formation of the fr/s[bidentate] 
ligands to the Ni(ll) ion by reacting the complex with bromine gas.
The successful formation of the di-equatorial bidentate OPD has been achieved with NiBr2 . The 
reaction conditions in this experiment were directed at the formation of fr/s[bidentate] OPD complex 
but, owing to the insolubility of the b/s[bidentate] OPD complex In the reaction solution, the 
fr/s[bidentate] was not obtained. In developing complexes containing OPD, five compounds have been 
synthesised and put forward for testing in epoxy resin systems either for latent cure studies or for use 
as curing agents with the aim of enhancing the properties of the final cured polymer network. These 
complexes are summarised in Table 2-8.
Table 2-8 Potential candidates fo r introduction to epoxy resin.
Complex Free amines Latent Potential
1 Ni(0PD)3. CI2 Yes No
2 Ni(0PD)3. CI2 Yes No
3 Ni(0PD)3. Brs No Yes
4 Cu(OPD)2Cl2 No Yes
5 CU(0PD)3CI2 Yes No
2.S.2.3 Possible structure for OPD complexes.
Unlike Cu(ll), Ni(ll) does not exhibit Jahn-Teller distortion. This means that it is possible in principle to 
obtain compounds which have fr/s[bidentate] OPD ligands around the metal ion.
NiHab + 30PD ^  Ni(OPD)3Hal2 Hal = Cl, Br
These complexes have been reported in the literature^ '^^ '^^ '^^  ^ and structural data on Ni(OPD)/^ have 
been reported” . Experiments have been carried out to synthesise these complexes in order to 
incorporate them into epoxy resins. Typical atomic bond lengths and angles for nickel OPD complexes 
are shown in the Table 2-9
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Table 2-9 Bond lengths and angles fo r some studied Ni-OPD complexes,93
Ni(OPD)4Cl2 Ni{OPD)2Cl2
Ni-N BD (A) 2.102,2.103 1.832
Ni-N MD (A) 2.267
N-C (A) 1.452 1.38
C-C (A) 1.382 1.40
N-N (A) 2.761 2.49
N-Ni-N (deg) 82.1 85.9
Ni-N-C (deg) 110.5 114.3
N -C -C  (deg) 118.5 113.3
BD = bidentate, MD = monodentate, = Nitrogen bonded 
This table shows that there is a large variation in the bonding distances between monodentate and 
bidentate ligands, with the bidentate ligands affording a tighter coordination to the nickel ion. The 
Coordination of the nickel complex with only two chelating OPD ligands affords an even tighter Ni-N 
bond, which should result in an increased stability of the complex and a higher temperature being 
required to dissociate the ligands from the metal ion. It has been suggested in the literature”  that 
diamine ligands bonded to nickel can délocalisé electrons from the nickel ion over the whole molecule 
(Figure 2-22). The studies which have been carried out have involved the deprotonated forms of the 
diamines.
-e'
e'
=[Ni(CgHgN,), -e' -e‘ [Ni(CgHgN,)J
e'
Figure 2-22 Redox chemistry o f o-phenylenediamine complexed to nickel
Two types of nickel diamine complexes are of particular importance due to the full complexation of the 
nitrogen lone pairs of electrons to the metal ion, these are shown in Figure 2-23.
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NH
NHj
H2 X  ^ 2  
N„ I /N
Octahedral configuration 
X = Cl or B r
Distorted octahedral 
configuration
Figure 2-23 Two possible types o f co-ordination to nickel by OPD.
Owing to the strict geometry of OPD, when carrying out the complexation there is the possibility of 
complexation of four ligands to the Ni(ll) ion to give the complex shown in Figure 2-24.
H , H ,N  H
L A
Figure 2-24 Co-ordination o f four OPD molecules to the N i(II)  ion.
In this complex two further OPD molecules displace the halide counter ions generating free amine 
groups, which can initiate the cure reaction and therefore are undesirable in this study. For this reason 
the reaction conditions need to be tightly controlled to prevent the formation of this tetradentate 
complex. This is achieved by controlling the molar ratio of addition to 1:2 for di-co-ordination and 1:3 
for tri-co-ordination
2.8.3 Characterisation of 2-AminobenzyIainine Complexes
2.8.3.1 Elemental analysis
Elemental analysis of these compounds also shows that there is not good agreement with the 
calculated values. The lack of agreement is also evident in the work by Kovala-Demertzi^^ et al. and 
could be due to different complexes being formed in the reaction Table 2-10.
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Table 2-10 CHN analysis o f C ii(II) and N i(II) 2-ABA complexes.
Cu(2 -ABA)2 .Cl2 0 H N
Calculated 44.39 5.32 14.79'
Found 1 43.89 5.35 14.54
Found 2 43.89 5.35 14.47
Kovala-Demertzi 44.0 4.85 14.6
Cu(2-ABA^2- (3 ^ ) 2
Calculated 50.75 6.15 13.15
Found 1 50.79 6.35 13.11
Found 2 50.77 6.34 13.10
Ni(2-ABA)3.Cl2
Calculated 6.10 16.94
Found 1 50.06 6.70 15.40
Found 2 50.10 6.71 15.48
+ i mol H 2O 49.06 6.27 16.35
Kovala-Demertzi 50.0 5.7 16.1
Ni(2-ABA)3.(ac)2
Calculated 55.27 6.68 15.47
Found 1 52.22 7.13 14.29
Found 2 52.07 7.12 17.25
+7 mol H 2O 53.50 6.82 14.97
+2 mol H 2O 51.83 6.96 14.51
The nickel complexes have a poorer agreement with the calculated values. This can be rectified to a 
certain degree with the addition of one to two moles of water is the suggested formulae, which 
improves the agreement.
2.8.3.2 Infrared analysis
As with the OPD complexes it is necessary to evaluate whether or not the 2-ABA ligand has fully 
complexed to the metal centre. Infrared spectra have been taken of each of the complexes and are 
shown in Table 2-11 (characteristic infrared bands for amines are given in Table 2-3).
Table 2-11 FT IR  bands o f complexes o f transition metals with 2-ABA.
Compound FTIR Bands in range 3500 -  3000 cm"’ FTIR Bands in range 1700 -  
1400 cm'^
FTIR Bands in range 1290 -  
1220 cm’’
2-ABA 3406, 3362, 3291, 3208 1652,1578 ,1494 ,1457, 1256,1222
C u(2-A B A )2 C I2 3288, 3216, 3112, 1622, 1596, 1582, 1498, 1465, 
1455
1271
Ni(2-AB A )3.C l2 3399, 3309, 3211,3117, 1618, 1586, 1498, 1457 1282, 1246
N i(2-AB A )3.(ac)2 3318,3232,3134 1628, 1596, 1585, 1554, 1498, 
1458, 1406
1278, 1242
C u(2-A B A )2.(ac)2 3335, 3230, 3107 1623, 1558, 1467, 1456, 1410 1228
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Nickel Complexes of 2-ABA.
The IR spectra have been taken for all the products and the table a,bove gives information on the 
bands of interest. There is a definite shift in the 5(NH2) from 1652 to 1617cm'^ for the halide salt and to 
1626 cm'  ^ for the acetate salt, with no peaks suggesting uncoordinated amines present. This indicates 
that full complexation has occurred. (Table 2-12).
Table 2-12. Comparative IR  features o f N i complexes (cm'^)
2-ABA Ni(ac)2.4HzO Ni(2-ABA)3.(ac)2 Ni(2-ABA)3.Cl2 Band assignment
1 6 5 2 1 6 2 6 1 6 1 7 8( N H 2 )
1 5 3 9 1 5 5 4 V a s ( C O O )
1 4 2 0 1 4 0 8 V s ( C O O )
Copper Complexes of 2-ABA
The IR spectra have been taken for products and the table above gives information on the bands of 
interest. There is a definite shift in the 5(NH2) from 1652 to 1627cm'^ for the halide salt, and to 1622 
cm'  ^ for the acetate salt, with no peaks suggesting uncoordinated amines present. This indicates that 
full complexation has again occurred.
Table 2-13. Comparative IR  features o f Cu complexes (cm'^)
2-ABA Cu(ac)2.H20 Cu(2-ABA)3.(ac)2 Cu{2-ABA)3.Cl2 Band assignment
1652 1627 1622 S { N H 2 )
1602 1548 V a s ( C O O )
1445 1414 V s ( C O O )
2.8.3.3 Magnetic Susceptibility of T M (II) 2-ABA Complexes
Kovala-Demertzi" et al. have studied peff for 2-ABA complexed in Ni(ll) and Cu(ll) halide salts. The peff 
of the 2-ABA complexes synthesised in this study show good agreement with the literature values and 
indicate that these complexes are in an octahedral environment, as their peff values are in the range 
for octahedral complexes (Table 2-14).
Table 2-14 Magnetic susceptibility o f TM-2-ABA complexes
Complex Peff (BM) Literature Octahedral
Range
Ni(2-ABA)3.Cl2 2.90 2 .9 f" 29-3 .4
Ni(2-ABA)3.(ac)2 3.07
Cu(2-ABA)2.Cl2 1.82 f.84" 1.75-2.20
Cu (2-ABA)2-(3c)2 1.84
56
2.8.4 Appearance and Solubility of Complexes
• The Ni(2-ABA)3.Cl2 complex is lilac in colour and has a powdery texture. The complex does not 
dissolve in MY721, although it is soluble in ethanol. In order to,obtain the final complex it is 
necessary to use a minimum level of solvent, as the complex precipitated more readily upon 
standing.
• The Ni(2-ABA)3.(ac)2 complex is light lilac-grey in colour and has a powdery texture. The complex 
does not dissolve in MY721, although it is soluble in ethanol. In order to obtain the final complex it 
is necessary to use a minimum level of solvent to dissolve the complex and then the complex can 
be precipitated with an excess of diethyl ether.
• Cu(2-ABA)2.Cl2 is a dark green crystalline (rhomboid in shape Figure 2-25) solid with a small 
particle size. This complex precipitates on formation from ethanol but is soluble in water.
Figure 2-25 Rhomboid Crystals o f Cu(2-ABA)2.Cl2
Cu(2-ABA)2.(ac)2 is royal blue crystalline needle shaped solid (Figure 2-26). This complex partially 
dissolves in MY721 and is soluble in ethanol. In order to obtain the final complex it is necessary to 
use a minimum level of solvent to dissolve the complex and then precipitate with an excess of 
diethyl ether.
57
Figure 2-26 Photo o f Needle Shaped Crystals o f Cu(2-ABA)2.(ac)2 
2.8.5 Summary of Evidence for Complexation of 2-ABA Ligand.
The structures are deduced from the magnetic susceptibility, elemental analysis and FTIR data 
obtained for the complexes. The magnetic susceptibility measurements suggest that each of the metal 
centres are in an octahedral environment. The elemental analyses indicate that there is good 
agreement between the calculated and found values for CHN, placing two 2-ABA ligands in Cu(ll) 
complexes and three in Ni(ll) complexes. The FTIR spectra for each of the complexes suggests that 
both that aromatic and the aliphatic amines have coordinated to the Cu(ll) and the Ni(ll) metal centres. 
From this information it is feasible to assume that the 2-ABA ligand forms a fr/s-bidentate octahedral 
nickel complex, with the two counter-ions not being directly bound to the metal centre. It is also 
reasonable to assume that the 2-ABA ligand forms an equatorial b/s-bidentate complex with the 
copper, with the two counter-ions being axially situated (Figure 2-27).
2+ 2 Cl 2+ 2 C H 3COO-
NH NH.
H3N H,N
NHjNHj
Ni(2-ABA)3.(ac)jNi(2-AB.A)3.Clj
—  N I / /H3 Cl Hj ^  //
Cu(2-ABA),.CI,
Cii(2-ABA)j.(ac)j
Figure 2-27 Proposed structures o f the 2-ABA complexes studied in this work
Cu
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2.9 Characterisation of Anthranilamide Complexes
2.9.1 Elemental analysis of anthranilamide complexes ^
The elemental analysis of Cu(Anth)2 .Cl2 suggests that the complex has an ethanol molecule 
coordinated to the Cu(ll) centre and shows a relatively good match between the calculated and found 
values for CHN. The correlation between the calculated and the found values for CHN of 
Cu{Anth).(ac) 2  complex is also very close. This would indicate that only one, not two, anthranilamide 
ligand has coordinated to the Cu(ll) centre. The anthranilamide ligand has probably displaced the 
water molecule in the original metal salt. The CHN analysis of Cu(lm)(Anth).Cl2 shows good 
agreement for the calculated values with only one of each ligand type coordinating to the Cu(ll) centre 
(Table 2-15).
Table 2-15 C H N  analysis o f Copper(II) Anthranilamide Complexes
Cu(Anth)2(CH3CH20H).Cl2 C H N
Calculated % 42.44 4.90 12.37
Found 1 41.05 5.04 11.62
Found 2 40.86 4.98 11.62
Allen et 41.54 3.99 14.38
Cu(Anth).(ac )2
Calculated % 41.57 4.44 8.82
Found 1 41.44 4.48 8.36
Found 2 41.35 4.44 8.57
Cu(lm)(Anth).Cl2
Calculated % 35.46 3.57 16.54
Found 1 34.59 3.45 15.97
Found 2 34.57 3.45 15.97
2.9.2 Infrared Characteristics of Anthranilamide Complexes
The anthranilamide ligands can co-ordinate to the metal centre through the nitrogen of the amine and 
the oxygen or the nitrogen of the amide group. Therefore, when using FTIR to look at the co-ordination 
of this ligand to the metal it is necessary to know the characteristic bands associated with the 
functional groups (Table 2-16).
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Table 2-16 Characteristic Bands o f Anthranilamide and Imidazole
Amine Frequency range (cm'^)/
vN-H 3300 to 3500(m) '
ÔR-NH2 1650 to 1590 ‘
vC-N 1080 to 1360(mw)
vN-H 1600(m)
Amide
vC=0 (I) 1640-1690
vN-H 3100 to 3500
ÔN-H (II) 1550 to 1640
Aromatic
vC-H (v) 3000 to3100(m)
vC~C 1400 to 1600(mw)
Imidazole
2° amine 6N-H 1650-1550(m)
2° amine ôC-N 1350-1280(s)
3° amine ÔC-N 1360-1310(s)
vC=N 1690-1590(v)
vC^C 1625(v)
5C-H 900-860(w)
5=C-H 1225-950(w)
v=C-H 3030(v) sharp
m = medium, mw = medium- 
V = stretch, § = deformation.
•weak, s = strong, v = variable 
2° = secondary, 3° = tertiary
Figure 2-28 shows the infrared spectrum of both anthranilamide and aniline. As can be seen, the 
amine bands are in close proximity to the amide peaks, although the aniline 5N-H occur at slightly 
lower wave numbers (1619 cm'  ^ and 1601 cm'^).
1.8
N-H Stretch o f Primary Amid# band
Amid# II (N-H Stretch) around 16S0 cm-10.59 1.6
0.58
0.57
1.2 -5-
0.56
g 0.55
Anthranilamide
0.54
0.53
0.40.52
Aniline 0.20.51
0.5
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wave Numbers (cm-1)
Figure 2-28 Infrared Spectra o f Anthranilamide and Aniline
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Kemp’  ^ has characterised the spectra of benzylamine and indicates that there are two sets of bands 
that are characteristic of primary amides; N-H stretch (v) near 3200 cm'^^and 3400 cm*^  and vC=0 
(Amide I) and N-H (Amide II) deformation (5) around 1650 cm '\ IR spectral bands reported in the 
iiterature^ *  ^ (Table 2-17) show the vN-H for the amide to be at 3448 and 3226 cm'  ^ and 5N-H at 1639 
cm'  ^ for both the anthranilamide and the benzamide, and a shift to higher wave numbers for the vC=0  
in the anthranilamide.
Table 2-17 Characteristic Amide stretches (cm'^) fo r Anthranilamide and Benzamide
Compound vN-H
Amide
vN-H
Amine
vN-H
Amide
vC=0  
(Amide I)
ÔN-H 
(Amide II)
Anthranilamide 3448 3333 3226 1695 1639
Benzamide 3448 - 3226 1667 1639
- = non-detectable, v = stretching, 5 = deformation 
Work carried out by Allen^ '^  et al. assigns the N-H stretching frequency at 3410 cm'  ^ to the amine peak, 
although other literature states that this peak is due to the amide (Table 2-18).
Table 2-18 Infrared Spectra (4000-200 cm'^) o f anthranilamide complexes synthesised by Allen et al?^
Compound V nh (N H 2 ) V nh (C 0 N H 2 ) v(C=0) v(M-O) v(M-CI) v(M-N)
Aranilamide 3 410(8 ) 3300(8 ) 3176(8 ) 1656(8)
Co(Anth)2Cl2 33 6 2(8 ) 3306(8 ) 3 2 3 6 (8 )3 1 6 3 (8 ) 1640(8 ) 2 66 (8 ) 2 6 6 (8 ) 272(8h ) 226(w )
Ni(Anth)2Cl2 33 7 2(8 ) 3312(8 ) 3 2 2 0 (8 ) 3162(8 ) 1642(8) 292 (8 ) 2 9 2 (8 ) 276(8h ) 230(w )
Cu(Anth)2Cl2 3 3 7 0 (8 ) 3317(8 ) 31 6 0(8 ) 3230(8 ) 1666(8) 266(8h ) 242(w )
s, strong: m, medium; w, weak; sh, shoulder, v = stretching, 5 = deformation
Allen etal. have characterised three complexes of anthranilamide and have assigned bands to each of 
the functional groups involved in the co-ordination to the metal centre (Table 2-18). From these 
studies Allen et al. suggested that anthranilamide complexes through the nitrogen of the amine and of 
the amide when co-ordinating to Ni(ll) and Co(ll), but only through the nitrogen of the amine when co­
ordinating to the Cu(II). if we consider that the band at 3410 cm'  ^ is assigned to the amide and not the 
amine, as stated in the literature, it is possible that the amide is actually bonding to the metal centre to 
form a b/s-bidentate complex in each case. This is seen as a shift in the associated band to lower 
wave numbers. The overlapping of the bands associated with the nitrogen based functional groups in 
anthranilamide and imidazole renders it very difficult to accurately assign bands to the different 
gorups. Figure 2-29 shows the FTIR spectra and Table 2-19 shows the suggested band assignments 
of each for the Cu(ll) anthranilamide and imidazole complexes,
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Comparison of Cu(ll) Anthranilamide Cornpiexes
s Cu(Anth)2(C2H5 0 H).Cl2
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I
Cu(Anth)(lm).Cl2
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Figure 2-29 Comparison o f the FT IR  spectra fo r C ii(II) Anth and Anth/Im complexes
Table 2-19 Suggested band assignment fo r anthranilamide and imidazole coordinated ligands (4000-400 cm' )^
Compound Vnh(NH2) Vnh(C0NH2) v(C=0) 5(NH2)
Cu(Anth)2Cl2 3272,3099 3373,3158 1666,1642 1612, 1594, 1580
Cu(Anth)(ac) 2 3272 3461 1639 -
Cu{Anth)(lm)Cl2 3287, 3066 3375, 3209 1638 1610
- = non-detectable, v = stretching, 8 = deformation 
The band associated with vnh(NH2 ) (3333 cm '\ Table 2-17) in Cu(Anth)2 Cl2 , Cu(Anth)(ac) 2  and 
Cu(Anth)(lm)Cl2 complexes shifts to lower wave numbers, suggesting that there is coordination 
through the amine functionality. The band associated with the vnh(C0NH2) (3448 cm '\ Table 2-17) in 
Cu(Anth)2 Cl2  and Cu(Anth)(lm)Cl2 also shifts to lower wave numbers, which could also indicate that 
the amide functionality has coordinated and that the complex is b/s-bidentate. The amide band in the 
Cu(Anth)(ac) 2  complex shifts to higher wave numbers, suggesting that in this case the ligand is only 
coordinating through the amine group (with a shift to lower wave numbers observed) but an accurate 
assignment of the peaks has proven difficult due to the acetate counter-ion obscuring the amine and 
amide bands. The elemental analysis of Cu(Anth)2Cl2 suggests that there is an ethanol molecule 
within the complex. In infrared spectra unbound OH groups tend to give sharp bands in the 3650-3590 
cm'  ^ region  ^ (p.1416) and bound OH groups give weak broad bands in the 3200-2500 cm'  ^ region. The 
spectra for Cu(Anth)2 Cl2 shows a broad band at -3100 cm'  ^ that is not observed in the infrared spectra 
of the Cu(Anth).(ac) 2  complex (Figure 2-29). Sharp bands in the region of 3650-3590 cm'  ^ are not 
present therefore it may be assumed that here is bound ethanol in the complex.
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2.9.3 Magnetic susceptibility of Gu(II) anthranilamide and imidazole complexes 
The magnetic susceptibility values for Gu(ll) complexes with octahedral environments tend to be 1.75- 
2.20 BM. The measurements for each of the complexes suggest that the Cu(ll) metal centre is not in a 
solely octahedral environment but rather in a polymeric or bi-nuclear environment (-1 .4  BM) (Table
2-20).
Table 2-20 Magnetic susceptibility o f antlimnilamide and imidazole complexes.
Complex Peff (BM) Literature
Gu(Anth).(ac)2
Gu(Anth)2.Gl2
Gu(Anth)(lm).Gl2
1.29
1.26 1.6^^ 
1.53
The magnetic susceptibility measurement for the Cu(Anth)2 .Cl2 is substantially lower than that quoted 
in the literature even though the preparation were identical.
2.9.4 Summary of Evidence for Complexation for Anthranilamide Ligand.
The structures are based on the magnetic susceptibility, elemental analysis and FTIR data obtained 
for the complexes. The magnetic susceptibility measurements suggest that each of the metal centres 
is not in an octahedral environment but is in either a polymeric or a bi-nuclear environment. The 
elemental analysis indicates that there is good agreement between the calculated and the found 
values resulting in complexes with the following empirical formulae, Cu(Anth).(ac)2 , 
Cu(Anth)2(CH3CH20H).Cl2 and Cu(Anth)(lm).Gl2 . Owing to the overlapping of the bands associated 
with the nitrogen based functional groups it has been very difficult to assign exact shifts in order to 
determine whether the ligands are bound through the amine, the amide or both. If the Anth ligand is 
only mono-dentate it is feasible to assume that the coordination is via the amine functionality, as the 
lone pair of electrons are more readily available for coordination. The shifts in the infrared spectral 
bands for Gu(Anth).(ac) 2  seem to show a definite shift to lower wave numbers for the amine ligand and 
a definite shift to higher wave numbers for amide functionality. Goupling this with the elemental 
analysis, it is reasonable to assume that the amine functionality has displaced water in the bi-nuclear 
Gu(GH3G00)2.H20 salt (Figure 2-30).
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From this information obtained for the Gu(Anth)2(GH3GH20H).Gl2 and the Gu(Anth)(lm).Gl2 complexes 
presented above, it is possible to speculate that they are in either a polymeric or bi-nuclear form. The 
elemental analysis and the magnetic susceptibility measurement for Gu(Anth)(lm).Gl2 could suggest 
that the complex is in a polymeric form, with the Gu(ll) metal centres sharing chloride counter-ions 
(Figure 2-31). The FTIR and elemental analysis of Gu(Anth)2 .Gl2  suggests that there is ethanol in the 
complex and the magnetic susceptibility would suggest that this complex, like Gu(Anth).(ac)2 , is bi- 
nuclear as it gives a similar peff value (Figure 2-31).
G - C - C H
H ,C - C - G
NHj NH 2
Figure 2-31 Plausible structures fo r Cu(Antli)2(CH3CH20H).Cl2 and Cu(Antli)(Im).Cl2
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Chapter 3 Determination of the Shelf Life of Epoxy/Curing Agent Systems 
The main aim of this research has been to develop curing agents which, when formulated into an 
epoxy resin (TGDDM and BADGE), remain latent until they are required to cure the system under 
‘normal’ cure conditions (curing at 177°C for TGDDM and 120°C for BADGE). Each curing agent has 
been mixed in stoichiometric quantities with an epoxy resin, stored at room temperature (~19°C) over 
a period of between one and three months, then tested daily for the first five days and two-three times 
per week for subsequent weeks. As the system ages certain properties of that system will also 
change, such as viscosity, sub-ambient Tg (saTg) and the method by which the system reacts (the 
DSC thermogram), saTg has not been used in this study, due to its being undetectable in the DSC 
thermogram. The changes in the viscosity and the DSC thermogram can be observed over a period of 
time to evaluate the shelf life of each of the curing agents.
3.1 Techniques used to Monitor Shelf Life
• observing the change in the viscosity using a Brookfield cone and plate 
CAP2000H viscometer at 50°C with a spin rate of 350 rpm for 15 sec; the spin 
rate was reduced as the viscosity has increased (samples have been prepared 
as outlined in the method below, and then a small amount of the resin system 
was placed on the heated plate and the viscosity recorded).
• observing the change in the DSC thermogram using a TA DSC 2910 (30 - 
300°C at 10 K min'^) (samples have been prepared as outlined in the method 
below, between 2 and 5 mg of sample was placed in a hermetically sealed 
aluminium pan and the thermogram recorded).
3.2 Epoxy Equivalent Weight (EEW).
The commercial production of epoxy resins tends to give oligomers, which have a wide range of 
molecular weights. The molecular weights, and therefore the concentration of epoxy groups, can vary 
from batch to batch and it is therefore necessary to determine the average concentration of epoxy 
groups present in the resin for unit weight. This is done by determining the epoxy content (EC), from 
which the EEW can be determined. The procedure which has been used to determine the EC and 
EEW is one that is currently used internally by Cytec-Fiberite for sample quality control for Ciba 
epoxies.
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• Procedure:
[Note: Solids content measurements were carried out on each epoxy (MY750 and MY721) before 
carrying out the titration {100% in the case of MY750 and MY721).] \
A quantity of sample (approx. 0.222 g MY721, 0.370-0.390 g MY750) was accurately weighed and 
placed in a 250 cm  ^volumetric flask. {The test was carried out in duplicate.) To this acetone (5 cm )^ 
was added to dissolve the resin. Hydrochloric acid solution (10 cm ,^ 0.44 N) was added to the flask 
using a 10 cm^ pipette and mixing. This was allowed to stand for at least 15 min. Acetone (5 cm^) and 
bromophenol blue indicator (2% in acetone, ca. 5 drops) were added and the mixture was immediately 
titrated against standardised NaOH(aq) (0.0998 N).
3.2.1 Determination of level of addition of curing agents
The epoxy equivalent weight of both MY750 and MY721 was ascertained prior to the addition of the curing 
agents. A titration method, involving a colour change (to iridescent blue) at the end point, was carried out to 
ascertain the epoxy equivalent weight of the samples (Table 3-1). A blank (reference) was determined using 
the same procedure, but excluding the sample.
Table 3~1 Sample weights fo r E E W  determination.
Epoxy Sample weight (g) Titre vol. (cm'*) EC EEW
MY750 0.3869 15.6 5.1215 195.3
MY750 0.3828 15.7
MY721 0.2213 16.85 8.354 119.7
MY721 0.2214 16.9
Reference 34.5
3.2.2 Determination of Stoichiometric Masses of Novel Curing Agents.
To enable the correct stoichiometric addition of each of the samples to the epoxy to be carried out the 
active H (Had) content (the number of hydrogen atoms present in the complex which are bonded to 
nitrogen) of each of the complexes is determined. This number is then divided into the formula weight 
(Table 3-2)
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Table 3-2 Determination o f stoichiometric addition
Curing Agent
MW
(g) Active H
1 mol of
Hact (g)
MY721 
resin rnix (g)
Percentage
MY721
DOS 248.30 4 62.07 181.77 65.85
o-Phenylenediamine 108.14 4 27.04 146.74 81.57
Ni(OPD)3.Br2 542.93 12 45.24 164.94 72.57
Ni(OPD)3.Cl2 454.03 12 37.84 157.54 75.98
Cu(OPD)3.Cl2 485.88 12 38.24 157.94 75.79
2-Aminobenzylamine 122.17 4 30.54 150.24 79.67
Cu(2-ABA)2.Cl2 378.79 8 47.35 167.05 71.66
Cu(2-ABA)2.(3c)2 425.97 8 53.25 172.95 69.21
Ni(2-ABA)3.Cl2 496.10 12 41.34 161.04 74.33
Ni(2-ABA)3.(ac)2 543.28 12 45.27 164.97 72.56
Anthranilamide 136.15 4 34.04 153.74 77.86
imidazole 68.08 1 68.08* 126.51 94.62
Cu(Anth)2.Cl2 406.76 8 50.85 170.55 70.18
Cu(Anth)2.(ac)2 458.48 8 57.31 177.01 67.62
Cu(Anth)(lm).Cl2 338.68 5 67.74 187.44 63.86
Cu(Anth)2(CH3CH20H).Cl2 452.82 9 50.31 170.01 70.41
Cu(Anth).(ac)2 317.79 4 79.44 199.14 60.11
' Imidazole was added in catalytic amounts (10wt%). MW = molecular weight 
The mass obtained for one mol of active H is the stoichiometric equivalent of EEW e.g. for every 
195.25 g of MY750 45.24 g of Ni(OPD)3.Br2 is added. When active H values were calculated for 
Cu(Anth)2.Cl2 and Cu(Anth)2.(ac)2 it was assumed that these were the molecular. It has since been 
postulated that the molecular structure for the complexes are actually Cu(Anth)2(CH3CH2 0 H).Cl2 and 
Cu(Anth).(ac)2, which affects the stoichiometric loading in the epoxy resin.
3.2.3 Industrial Standard Cure Systems.
The standard epoxy cure systems that have been used in this research are the formulations used by 
Cytec in the production of composite materials. Table 3-3 outlines the mix ratios of each of the 
standard systems.
Table 3-3 Mixing ratios o f standard curing systems.
MY750 EEW Curimid ON DiCy Diuron CA-150
195.25g 3.91 g 6.51g - 2.63g
ig 0.020g 0.033g - 0.013g
MY721 EEW
119.7g 3.27g 9.21 g 9.21 g -
............ .1 9 ,, ,  , 0.027g 0.077g 0.077g -
DiCy (dicyandiamide) has been reported to have in the range of 3-7 active H atoms when reacted with 
epoxy resins^^ In total, DiCy has seven active H atoms available to interact with epoxy functionalities; 
this figure has been used to determine the stoichiometric ratios of DiCy to epoxide.
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Table 3-4 outlines the DSC cure properties of commercial curing systems for DDS, DiCy, Diuron, 
Curimid CN, and CA-150. ^
Table 3-4 DSC cure properties o f commercial curing systems. ■ \ .
Resin System
Cure onset 
(°C)
Peak M axim um  
(“C)
AH
( jg ')
AH  
(kJ mol'^ 
epoxy groups)
M Y721/DDS 198.04 235.38 -558.20 44.00
M Y721/D!Cy/Diuron 140.49 147.34 -566.59 61.42
M Y750/D ICy/D luron 143.91 149.66 -574.08 106.41
MY721 Curim id CN 142.91 176.00 -703.91 82.02
M Y750 Curim id CN 134.77 145.88 -123.68 23.67
M Y721/D iCy/C A-150 136.00 142.82 -360.79 39.30
M Y750/D iCy/C A-150 142.33 147.10 -383.39 71.51
3.3 Determination of the Shelf Life of Industrial Standard Curing DDS
In order to fully evaluate the curing agents developed, it is necessary to compared to an industrial 
standard 4,4'-Diaminodiphenylsulphone (DDS) (Figure 3-1) is currently one of the most common 
curing agents used by industry for the formulation of one-pot systems. This curing agent is 
predominantly used with TGDDM type resins for aerospace applications as it is poorly soluble in the 
epoxy at ambient temperatures and therefore is inhibited from reacting with the epoxy. DDS has to be 
formulated with an epoxy resin in a micronised form to ensure homogeneity and reduce the probability 
of settling. In this study DDS has been incorporated into the resin on its own, which is not the case in 
industrial applications. Owing to its insolubility and high melting temperature (175-177°C), catalysts^^’**** 
such as boron trifluoride-ethylamine (BFE) and boron trifluoride complexes are added to the resin to 
lower the temperatures for reaction with the epoxy.
HgN S
o
NH,
Figure 3-1 Structure o f 4,4'-Diaminodiphenylsulphone (DDS)
A storage stability control has been carried out using DDS mixed in stoichiometric quantities with 
MY721. In this test DDS/MY721 has been stored under the same conditions as the novel curing 
agents and tested for changes in the uncured Tg, cure onset, peak maximum, AH and the cured Tg. In 
this test DDS (0.0518 g) was added to MY721 (0.1007 g) with thorough mixing. Between 2 and 5 mg 
of the resin mix was then added to hermetically sealed aluminium pans. Each of the samples were 
tested under the same conditions (-50-300°C at 10 K min'\ cooled to 50°C and heated again to 300°C 
at 10 K min \  Figure 3-2) using a TA 2920 DSC.
♦  Cure onset fC ) 
n PeakfC)
A DHJ/g
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Figure 3-2 Shelf Life o f  DDS in MY721 using DSC
Over the 28-day period that DDS has been tested, there has not been a significant decrease in the 
temperature of the cure onset of the system (the average change in the cure onset of the DDS/MY721 
system was -0.01%).
3.4 Determination of Shelf Life of OPD Complexes using Viscosity Measurements 
Both complexed and uncomplexed OPD have been mixed in stoichiometric quantities with MY750 and 
MY721 and tested using the cone and plate method. The two graphs below (Figure 3-3 and Figure
3-4) show viscosity trends for MY750 and MY721. Each sample has been kept at room temperature 
(ca. 19°C) and dynamic measurements have been made at 50°C.
The graphs show that, when the uncomplexed OPD is added to both MY750 and MY721, the room 
temperature reaction proceeds in 5 and 3 days respectively, after which the viscosity is too high to 
measure. Like DDS, OPD is insoluble in both MY721 and MY750, but unlike DDS, the reaction with 
the epoxy resin proceeds to high viscosity in only a couple of days. When a curing agent like DiCy 
(Figure 1-16) is formulated with MY750 and MY721 it is insoluble and has to be dispersed. This results 
in two separate phases (solid and liquid). This insolubility reduces the availability of the amine groups 
to react with the epoxy groups, thus allowing DiCy to have a long shelf life in the resin. The 
Cu(OPD)3.Cl2/epoxy mixture shows significant increases in viscosity over time when compared with 
Ni/OPD complexes. This may be due, in part, to the presence of free amine groups, which have 
initiated the homo-polymerisation reaction of the epoxy.
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Shelf Life testing of MY750 with OPD and OPD complexes.
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Figure 3-3 Shelf life test o f  novel curing agents in MY750 using Brookfield cone and plate
Shelf Life testing o f MY721 with OPD and OPD complexes.
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Figure 3-4 Shelf life test o f  novel curing agents in MY721 using Brookfield cone and plate 
Both of the resins containing the Ni(OPD)3Cl2 complex have shown no significant increase in viscosity 
of the epoxy resin after four weeks. A close examination of Figure 3-3 shows that the Ni(OPD)3.Br2 in 
MY750 undergoes a very slight increase in viscosity (to t) = 85 poise) after 31 days but this results in 
little overall change. This slight variation in viscosity may be due to atmospheric water and suggests 
that the full complexation of the amine groups to the metal centre (as evident by FTIR) is preventing 
the amines from reacting. If the amines groups react, the viscosity of the system would increase at a 
similar rate as seen in the Cu complexes, increasing the viscosity.
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The latent cure behaviour could also be because, as with DiCy and DDS, these complexes are not 
soluble in MY750 and MY721, which will hinder any interaction between t^he amine groups and the 
epoxy groups. \
3.5 Shelf Life Determination of 2-ABA Complexes using DSC
DSC has replaced the use of viscometry for determining the shelf life because it is possible to prepare 
the samples in a much smaller quantity (~1 g) than the viscometric method (-10  g). The samples are 
also placed in hermetically sealed aluminium pans, which reduces ageing from atmospheric moisture 
and affords greater control over the storage conditions.
From the data measured by DSC it is possible to determine how much ageing has occurred by looking 
at the cure onset, peak maximum, reaction enthalpy and the overall shape of the reaction curve. If 
there Is little or no change in any of these parameters, it is possible to say that there has been little or 
no ageing of the overall system. If the overall shape of the reaction trace changes rapidly the system 
has aged rapidly and therefore it has a short shelf life.
3.5.1 Shelf Life of Ni(2-ABA)3.(ac)2 in MY721 over 67 Days (30 - 300°C at 10 K  min
Over the period of 67 days the cure onset has gradually reduced by about 10 K (-8% ), and the peak 
maximum has only reduced by about 4 K (-3% ) over the same period (Figure 3-5, Table 8-3). The 
slope of the cure onset has also shallowed, suggesting that there is a degree of ageing occurring 
(Figure 3-6) even though the reaction enthalpy AH has not significantly decreased. AH has only 
decreased by around 10% over first 57 days but this does increase to 26% by 70 days. The cured Tg 
has not been affected significantly by the storage over the 67 day period. This suggests that the 
complex is quite stable in the epoxy resin.
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Shelf Life testing of Ni(2-ABA)3.(ac)2 in MY721
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Figure 3-5 Shelf Life Test o f Nl(2-ABA) > (0 0 ) 2  in MY721 as determined by DSC
Ni(-ABA)3.(ac)2 in MY721 over 67 Days
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Figure 3-6DSC Thermograms o f Ni(2-ABA)3.(ac) 2  in MY721 over 67Days as determined by DSC
3.5.2 Shelf Life of Cu(2-ABA)2.(ac)2 in M Y721 over 67 Days (30 - 300°C at 10 K min^)
The cure onset has gradually reduced by 9 K (~7%) over the 70 day period suggesting that some 
ageing is occurring (Figure 3-7, Table 8-4). However, the peak maximum has not changed significantly 
with less than a one degree Kelvin change (0.78%) over the 70 day period. The AH did drop markedly 
by day one from 528.7 J g'^  to 365.5 J g '\  but thereafter the AH does not change significantly. The 
cured Tg is not significantly affected by the storage of these systems over the 70 day period. The initial 
AH reading may just have been exceptionally or the initial drop may be due to a partial reaction of the 
curing agent with the epoxy resin. It may also be the case that the curing agent, on day one, had not
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fully dissolved in the epoxy resin and the higher AH value may be attributed to the complex melting. 
The trends from day 1 onward remain relatively constant, although the peak height of day 70 is half 
that of day 0 (Figure 3-8).
Shelf U fe  test o f Cu(2-ABA)z.(ac)z in MY721
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Figure 3-7Shelf Life Test o f Cu(2-ABA)2.(ac)2in MY721 as determined by DSC
Cu(-ABA)2.(ac)2 in MY721 over 67 Days
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Figure 3-8 DSC Thermograms o f Cu(2-ABA)y(ac)2 in MY721 over 67 D(q;s as determined by DSC
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3.6 Shelf Life Determination of Anth Complexes using DSC
DSC shelf life testing has been carried out on the Anth complexes over a period of 70 days to evaluate 
the storage stability of these complexes. The presence of uncoordinated species in the complex has 
affected the overall stability of these complexes in the epoxy resins.
3.6.1 Shelf of Life Cu(Anth)2.Clz (30 - 300°C at 10 K min
The cure onset of the first peak maximum drops off markedly by the second day of storage, but 
remains relatively constant after that time. After the initial shift in the first peak maximum of around 8 K 
(6.67%) the peak maximum remains relatively constant for the rest of the time (Figure 3-9). The 
second peak maximum also remains relatively constant throughout the 70 day period, with only small 
deviations in the position of the peak maximum. There is a significant drop in AH by the end of the first 
day of storage, from 681 J g'^  to 532 J g"^  but after this drop AH remains nearly constant. The cured Tg 
has not been significantly affected by the storage, with the Tg staying t)etween 140 and 150°C (Table 
8-5). Taking into account the initial shift in the first peak maximum, the DSC traces remain relatively 
constant over the first seven days (Figure 3-10) with this peak still remaining by day 70 (Figure 3-11). 
The reduction in the size of the first peak suggests the presence of some uncoordinated amide 
groups, as suggested by Allen '^  ^ et al. However, the second peak maximum does not change 
significantly over the 70 day period, suggesting that this peak may be attributed to the amine group 
after it has been released from coordination to the Cu metal centre.
Shelf Life Study of Cu(Anthk.Clz in MY721
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Figure 3-9 Shelf Life Test o f Cu(Anth)2 >Cl2  in MY721 as determined by DSC
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Shelf Life study of Cu(Anth)2.Cl2 in MY721 over one week
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Figure 3-10 Thermograms of Cu(Anth)2. CI2  in MY721 over 7Days determined by DSC  
Once the initial reaction between the uncoordinated groups and the epoxy resin has occurred there is 
little change in the height first peak over the first week, and the first peak is still evident after 70 days. 
This would suggest that once the reaction has occurred very little further éthérification occurs.
Shelf Life Data for Cu(Anth)2 .Cl2 in MY721 over 70 Days
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Figure 3-11 Thermograms o f Cu(Anth)2.Cl2  in MY721 over 70 Days determined by DSC
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3.6.2 ShelfLifeofCu(Anth).(ac)2  ( 3 0 -3 0 0 ° C a t l0 K m m ’)
Physical characterisation of this complex suggests leaving an amide group available to react with the 
epoxy resin. The DSC trace, unlike Cu(Anth)2 .Cl2 , has only one major peak, although it does have less 
prominent shoulder peaks at around 160°C and 180°C. There is only a slight decrease in the cure 
onset of around 0.5 K (0.27%) over the first week of the shelf life study (Figure 3-12). The cure onset 
has decreased by 4 K by 28 days and by 20°C (-14% ) after 64 days. The position of the peak 
maximum has not changed significantly over the 70 day period with only a shift of around 2-3 K being 
observed over the 70 days, although by this time the peak height has decreased by two thirds. AH has 
decreased to around 25% of its original value at the end of day one and remained constant over the 
remaining 69 days. After an initial drop of 30 K the cured Tg changed little over the following 69 day 
period. The overall peak height decreased by one half by day 28 and by two thirds by day 70 although 
the third shoulder is still present and this suggests that there is still unreacted amine present in the 
system (Figure 3-13 and Figure 3-14).
Figure 3-12 Shelf Life Test ofCii(Anth).(ac ) 2  in MY721 as determined by DSC
Shelf Life of Cu(Anth).(ac ) 2  in MY721 over one week
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Figure 3-13 DSC Thermograms o f Cu(Anth).(ac) 2  in MY721 over 7 Days as determined by DSC
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Figure 3-14 DSC Thermograms of Cii(Anth).(ac) 2  in MY721 over 70 Days as determined by DSC
3.6.3 Shelf Life of Cu(Anth)(Im).Cl2 (30 - 300°C at lOK/min)
The cure onset temperature gradually decreases from 107 -  102°C (-5% ) by day 10, but levels off 
after this time through to the end of the shelf life test (Figure 3-15). The first peak maximum remains 
stable over the time period, although there is a reduction in the peak height after day 1 of around 25%. 
The second peak maximum and the AH also remain constant throughout the experiment. The cured 
Tg does not seem to be affected by the storage of the system. The first peak maximum reduces by 
25% by the end of the first day (Figure 3-16), but then remains constant up to day 35 (Figure 3-17) 
before dropping more rapidly after day 42.
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Shelf Life test of Cu(Anth)(lm).Ci2 In MY721
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Figure 3-15 Shelf Life Test o f Cu(Anth)(Im).Cl2  in MY721 as determined by DSC
Cu(Anth)(IM).Cl2 In MY721 over one week
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Figure 3-16 Thermograms o f Cu(Anth)(Im)Cl2  in MY721 over 7Days as determined by DSC
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Figure 3-17 Thermograms o f Cii(Anth)(Im).Cl2 in MY721 over 70 Days as determined by DSC
3.7 Conclusion
T h e re  h ave been  re latively few  studies reported in the open literature with regard  to the shelf life 
studies on M -co m p lexes  in epoxy resins, although there has been  a la rg e  body o f w ork carried  out in 
both the a rea  o f epo xy sh e lf life and in the use o f M -co m p lexes In ep o xy resin form ulations. S o m e  
viscom etric sh elf life studies reported in the open literature are  outlined in T a b le  3 -5 .
Table 3-5 Visceometric shelf life studies o f TM  complexes formulated with BADGE and TGDDM.
R e s in  S y s te m S h e lf  L ife  
(d a y s )
B a d g e /H Y  905^^^ 8 0 *
B a d g e /H Y  9 0 5 ^ 1  .Ophr N i(a c a c )2^^ 4 8 *
B a d g e /H Y  90SV1 .Ophr C u (a c a c )2^^ 8 5 *
B A D G E /1  -m ethyltetrahydrophthalic  Anhydride/0 .1 %  Titanium-oxy-acac^*^ 110
B A D G E /1  -m ethyltetrahydrophthalic  A nhydride/0 .1 %  C obalt(l 11 )-acac^"^ > 2 0 0
B A D G E /A n h y d rid e /P r(T H D )3- IM " 9^
B A D G E /Y b (T H D )3 -IM " > 36
B A D G E /C u (P G E -E M I)4 .C l2" ' 108
T G D D M /C u (P G E -E M I)4 .C l2 " ' 18
B A D G E /O P D 3
B A D G E /C u (O P D )2 .C l2 30
B A D G E /N i(O P D )3 .C l2 >31
B A D G E /N i(O P D )3 .B r2 >31
T G D D M /O P D 7
T G D D M /C u (O P D )2 .C l2 22
T G D D M /N i(O P D )3 .C l2 >31
T G D D M /N i(O P D )3 .B r2 >31
X Anhydride hardener from Ciba-Geigy, * Time taken to reach 1500 cPs, t  Time taken to gel
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In general, the developed complexes have shown Increased stability in the epoxy resin over the parent 
ligand (e.g. shelf life for OPD in MY750 = 3 days which is increased^to above 31 days upon 
coordination to Ni(ll) chloride). The Ni/OPD complexes developed have show better shelf life than 
those of the Cu/OPD complexes; this is probably due to the full coordination of all the ligands when 
formulated into both MY721 and MY750. MY721 with OPD added gelled in less than one week at 
room temperature whereas MY750 with OPD added gelled within three days of addition. This 
compares with the fully complexed Ni/OPD curing agents, which did not show a significant increase in 
their viscosity after four weeks at room temperature. The resin systems containing the Cu/OPD 
complexes showed a significant increase in their viscosity, which was of the order of 2 0 0 0  poise after 
20 days and 28 days for MY721 and MY750 respectively. The slow increase in the viscosity of the 
resin system suggests that the free amine group has initiated the homopolymérisation of the epoxy. 
The observation that the epoxy/curing agent mixture became totally soluble in acetone further 
supports this hypothesis. The storage stability of the OPD systems is comparable With the systems 
reported in the literature (Table 3-5), although those studies have typically been carried out over a 
longer period of time.
The shelf life study for the DDS system carried out in the course of this work has shown that there is 
little or no change in the cure onset, peak maximum and the reaction enthalpy over a 28 day period. 
The developed systems are all relatively stable over the same time period, although the cure onset 
and the reaction enthalpy are affected over the course of three months. The Cu(2 -ABA)2 .(ac) 2  curing 
agent is slightly soluble in MY721 and has shown a relatively long shelf life in the epoxy resin, with 
little decrease in the peak maximum and only a slight decrease in the cure onset and reaction 
enthalpy. This trend is also seen in the Ni(2 -ABA)3 .(ac) 2  in MY721, with the peak maximum only 
slightly decreasing but with greater decreases in the cure onset and the reaction enthalpy. The shelf 
life of the anthranilamide complexes in MY721 is not as good as the 2-ABA complexes; this is 
probably due to uncoordinated amide ligands which are available to react with the oxirane rings.
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Chapter 4 Determination of the Dissociation Behaviour of the Complexes
The cure of the resin systems should ideally be carried out at relatively low temperatures, typically
Ï
around 100°C. The thermal dissociation (/.e. liberation of the ligand) for the complex should ideally 
occur at the normal cure temperatures for epoxy resins, e.g. 120°C for BADGE and 177°C for 
TGDDM. Therefore, it is necessary to determine the temperature at which these complexes dissociate. 
Different methods have been used to observe the dissociation of ligands: thermal FTIR, thermal ESR, 
thermal UV-Vis and thermogravimetry (TG) are the most common.
4.1 Techniques for the Determination of Thermal Dissociation
Thermal Infrared absorption spectra were collected over the range 4000-400 cm'!' using a Perkin- 
Elmer System 2000 FTIR spectrometer; the samples were analysed as KBr disks. The disk was 
heated up in 10 K increments from 25°C to 150°C using a TEM-1 and a variable temperature cell VLT- 
2 (Beckman R.I.I.C Ltd.) and a spectrum was recorded at each temperature. Thermal Visible spectra 
(over the range 400-800 nm) were obtained in ethanol solutions (at a resolution of 1 nm) on two 
instruments (1) a Hewlett Packard Diode Array 8425A Spectrophotometer and (2) a Cecil CE7200 UV- 
Vis Spectrometer with samples heated in situ with a HAAKE K20 water bath with a DCS controller. In 
method 1, samples (0.1 mol) were dissolved in octan-1-ol and heated from room temperature to 180°C 
at 10 K intervals in Octan-1-ol (100 cm^) on a hotplate. Samples were taken from the heated solution 
and placed in a cuvette and the spectra recorded. In method 2 samples (0.1 mol) were dissolved in 
distilled water and heated in situ from room temperature to 100°C and a spectrum recorded at 10 K 
intervals. For thermal electron spin resonance (ESR) spectroscopy measurements a similar 
methodology was adopted. In this case a small sample of Cu(2 -ABA)2 .(ac) 2  (the minimum observable, 
ca. 0.01 g) was dissolved in octan-1-ol (5 cm^) and the solution heated from 25 to 30°C (when the first 
reading was taken) and on to 130°C with further readings taken at intervals of 10 K after the sample 
was allowed to reach equilibration at each stage. Spectra were recorded using a JEOL RE1X ESR 
spectrometer operating at X-band frequencies. Thermogravimetry (TG) traces were recorded using a 
Perkin-Elmer TGA7 on samples (ca. 5 ± 1 mg) at a heating rate of 10 K min'  ^ between 50 and 1000°C. 
Measurements were made under N2 (g) (40 cm  ^min"') using a platinum boat.
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4.2 Thermal Characterisation Techniques used to Determine Thermal Dissociation
4.2.1 Thermal FTIR Spectroscopy
Thermal FTIR (Figure 4-1) has been used to monitor shifts in the spectral peaks associated with the 
different amines to observe the point at which one of the ligands dissociates. There is a change in the 
spectra of the amine functionalities when the lone pair of electrons is co-ordinated to the TM centre 
(Section 2.8.1) and it is also possible observe changes in the spectra when they dissociate. The only 
drawback with this technique is that other bands may obscure the relevant amine bands, e.g. the 
acetato counter-ion may make it difficult to observe a specific change.
4000 3600 3200 2800 2400 2000 1600 1200
<
800
156 deg C 
140 deg C 
130 deg C 
120 deg C 
100 deg C 
-90 deg C 
-80 deg C 
-70 deg C 
-60 deg C
- 50 deg C  
42 deg C
- 31 deg C 
-R T
400
Figure 4-1 Thermal IR  Spectra o f Cu(2-ABA)2-(ac)2 Heated from  RT-156°C in a KBr Disk 
These spectra show that there are significant changes in the intensities of the transmission spectra 
between the range 140 and 150°C. This change is probably due to the ligand undergoing full 
dissociation from the TM centre. Owing to the complex nature of the thermal IR spectra the data were 
submitted to principal component analysis (PCA) using unscrambler software developed by Camo Inc.
4.2.1.1 Principal Component Analysis (PCA) to Elucidate Changes in the Infrared Data^ ^^
Principal component analysis (PCA) is one of the most commonly used tools in chemometrics, being 
used for data compression and information extraction. The main function of PCA is the decomposition 
of a data matrix, such as a collection of infrared spectra, into a new combinations of variables
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(principal components) that describe and extract the major trends {i.e. sources of variance), that, in 
turn, can be linked to molecular changes such as a ligand dissociating from a metal centre. This 
analysis filters out random and uncorrelated changes in spectra (such as background noise) and 
allows us to see variations in the spectra. Another way of describing the analysis is to say that PCA is 
a method of producing a linear combination of original variables, with the noise term separated from 
the information term. All factor analysis methods rely on the basic principle that any non-singular 
matrix (an nby n matrix A is non-singular if the only solution to the equation A*x = 0 (where x is an n- 
tuple) is X = 0)^ ^^  can be decomposed into two other matrices. In PCA it is possible to use 
Equation 4-1
Dp =  Àp Equation 4-1
where p, is an eigenvector, X-, is its corresponding eigenvalue, and D is the covariance matrix from the 
data set (p is commonly referred to as the loadings, and provides information about the columns 
(variables) of D). Information about the samples or rows of D can be found from Equation 4-2.
t  =  Dp Equation 4-2
where t is referred to as the sample scores, and gives information about the variation between the 
samples.
In PCA the values of X are determined individually by iteration, and the result of this is that the first 
vector p will describe the greatest source of the variance in the data set {i.e. PC I). The second 
iteration of p will describe the next greatest axis of variance {i.e. PC2), and so on until all of the 
variances in the data have been accounted for. Figure 4-2 shows a graphical representation of the 
extraction of eigenvectors
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Figure 4-2 Graphical representation on how two principal components could be derived (♦  data point)
4.2.1.2 Use of Regression Coefficients (RC) to Determine Changes in Peak Shifts and Intensities
The regression coefficients can be interpreted as spectra as they are directly linked to the original set 
of data. The RC spectra represent in two dimensions, the Y and X axes; positive changes in the Y axis 
indicate that a peak is growing in size and negative changes indicate that the peak is reducing in size. 
Features in the regression coefficient which look like first derivatives (Figure 4-3) indicate a small peak 
shift such as might be expected because when heating a compound - some bonds will disappear, 
some will grow, and others will change shape and position slightly. The spectrum has changed.
Figure 4-3 Schematic o f Peak Shift Indicated by a First Derivative Shaped Spectral Line
4.2.2 Thermogravimetry (TG).
The first three techniques observe changes that occur within the complex prior to the full dissociation 
of the ligand. The elucidation of the initial dissociation temperature is the first stage in the examination
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of the mechanism through which the ligand dissociates from the metal centre. The use of TG indicates 
the temperature at which the ligand fully dissociates from the metal centre. .
4.2.3 Thermal UV-Visible Spectroscopy
Transition metal complexes may exhibit colour changes upon changing the environment around the 
metal centre. This property change is a useful tool when looking at the thermal dissociation of the 
ligands from the metal centre because, as one of the ligands dissociates, the change may be 
observed by visible spectrometry (in solvated form).
4.2.4 Thermal Electron Spin Resonance (ESR) Spectroscopy
As with both FTIR and UV-Visible spectrometry, it is possible to observe changes in the environment 
around the transition metal centre using ESR. As the ligands dissociate from the metal centre its 
environment changes and we see a change in the observed spectrum.
4.3 Thermogravimetry (TG) of Complexes
The first method of determining the thermal stability of these complexes has been to use 
Thermogravimetry. It has not been possible to analyse the evolved gas from the samples in this study 
because the apparatus did not have this facility.
4.3.1 Thermogravimetric analysis of OPD Complexes
The compositions of the OPD complexes analysed using TG are given in Table 4-1
Table 4-1 Percentage breakdown o f OPD complexes
Complex MM(g) TM % L% X % MT (“0)
CU(0PD)2.CI2 350.738 18.12 61.67 2 0 . 2 2 >250
Cu(OPD)2 .Br2 439.64 14.45 49.20 36.35 >250
NI(OPD)3.Cl2 454.025 12.93 71.46 15.62 >250
NI(GPD)3.Br2 542.927 10.81 59.76 29.43 >250
M M  =  M o lar m ass , T M  = Transition m eta l, L =  Ligand, X  =  C ounter-ion , 
M T  =  M elting tem perature
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Mass loss of OPD complexes (50-1000 ®C at 10 K min‘ )^
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Figure 4-4 TGA ofTM /O PD Complexes (50-1000°C at 10 K  min )
4.3.1.1 Thermogravimetric Dissociation of Ni(OPD)3.Cl2
Ni(OPD)3.Cl2 appeared to undergo degradation before reaching a melting temperature (>250°C). The 
TG data obtained show a complicated dissociation pattern occurring over a large temperature range 
(170-600°C) with the initial mass loss (25%) occurring at 210°C at 0.4 mg min'  ^ (Figure 4-4) this could 
equate to the partial loss of one of the OPD ligands (Table 4-1)
Ni(OPD)3.Cl2 (s) = Ni(GPD)2.Cl2(s) + OPD(g)
MM 454 345 108
W% 108/454 = 24
A second mass loss (23%) occurring at 300°C at 0.33 mg min'  ^ and this could possibly equate the 
partial loss of a second OPD ligand
Ni(OPD)2.Cl2 (s) = Ni(0PD).Cl2(s) + OPD(g)
MM 345 237 108
W% 108/454 = 24
A third mass loss (30%) occurring at 400°C could be due to the loss of the final OPD ligand and 
partial loss of the counter-ion
8 6
Ni(0 PD).Cl2 (s) = Ni(s) + Cl2 (g) + OPD(g)
MM 237 58 71 108 •f
W% 108 + 71/454 = 39
The complex is stable up until 170°C, with no drop in mass indicating no residual solvent in the 
sample.
4.3.1.2 Thermogravimetric Dissociation of Ni(OPD)3.Br2
Ni(0 PD)s.Br2 also underwent degradation before reaching a melting temperature (>250°C). The TG 
data obtained show a complicated dissociation pattern over a large temperature range (205-690°C). 
The initial mass loss (20%) occurring at 245°C and could equate to the partial loss of one of the OPD 
ligands (Figure 4-4, Table 4-1)
Ni(OPD)3 .Br2 (s) = Ni(OPD)2 .Br2 (s) + OPD(g)
MM 543 435 108
W% 108/543 = 20
A second mass loss (20%) occurring at 295°C that could equate to the loss of a second OPD ligand
Ni(OPD)2 .Br2  (s) = Ni(0 PD}.Br2 (s) + OPD(g)
MM 453 327 108
W% 108/543 = 20
A third mass loss (20%) at 360°C that could equate the loss of the final OPD ligand
Ni(0 PD).Br2  (s) = NiBr2 (s) + OPD(g)
MM 327 219 108
W% 108/543 = 20
The final mass loss occurring from 390-680°C (30%) could be attributed to the loss of the Br counter­
ion
NiBr2 (s) = Ni(s) +Br2 (g)
MM 219 58 159
W% 159/543 = 30
This complex is more thermally stable than the chloro analogue, with initial degradation occurring at 
around 215°C.
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4.3.1.3 Thermogravimetric Dissociation of Cu(OPD)2.Gl2
Cu(OPD)2 .Cl2 degraded before reaching a melting temperature (>250°Ç). The TG data obtained 
shows a complicated dissociation pattern over a large temperature range (135-585°C). The initial 
mass loss (10%) occurring at 162°C at a rate of 4.6% min'  ^ and a second mass loss (8 %) occurring at 
204°C at a rate of 7% min'\ The third mass loss (73%) occurs over a large temperature range of some 
350°C at a rate of 4.4% min'  ^ (Figure 4-4). It is difficult to comment on the exact mass losses of this 
complex just to state that the initial mass losses are probably due to the OPD ligand. This complex is 
less thermally stable than the nickel analogue, with initial degradation occurring at around 135°C.
4.3.1.4 Thermogravimetric Dissociation of Cu(OPD)2.Br2
Cu(OPD)2 .Br2 degraded before reaching a melting temperature (>250°C). The TG data obtained 
shows a complicated dissociation pattern over a large temperature range (117-900°C). Unlike the 
Ni(ll) complexes there are no definite losses in mass of the samples, with an average rate mass loss 
of 0.2 mg min'  ^ (Figure 4-4). This complex appeared slightly less thermally stable than the chloro 
analogue with initial degradation occurring at around 117°C, but the degradation of this compound 
occurred over a larger temperature range.
4.3.2 Thermogravimetry of 2-ABA complexes
The compositions of the 2-ABA complexes analysed using TG are given in Table 4-2. 
Table 4-2 Percentage Breakdown o f 2-ABA Complexes
Complex MM (g) TM % L % X % MP"C
Ni(2-ABA)3.Cl2 496.10 11.83 74.24 14.29 +250
Ni(2-ABA)3.(ac)2 543.28 10.80 67.79 21.73 1 1 0
Cu(2 -ABA)2 .Cl2 378.79 16.78 64.82 31.17 2 0 0
Gu(2 -ABA)2 .(ac) 2 425.97 14.92 57.65 27.72 135-140
MM = molecular mass, TM = Transition metal, L = Ligand, X  = Counter-ion, MP = Melting point
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Figure 4-5 TG o f TM/2-ABA Complexes (50-1000 °C at 10 K  m in ’)
4.3.2.1 Thermogravimetric Dissociation of Cu(2-ABA)2.(ac)2
This complex appeared to decompose before its melting temperature at around 140°C from a visual 
observation. This is corroborated by the TG analysis that has been carried out on the sample. The TG 
analysis shows an initial mass loss (55% Figure 4-6) occurring at 185°C at a rate of 9.5% min'  ^ this 
possibly equates to the loss of the ligand (Table 4-2)
Cu(2 -ABA)2 .(ac) 2  — Cu(ac)2 (s) + 2 2-ABA(g)
MM 425.97 180.40 245.57
W% = 245.57/425.97 MOO = 57.65
and a second mass loss (25%) at 500°C at a rate of 2.6% min'  ^ and possibly equates to the loss of the 
counter-ion.
Cu(ac)2 (s) = Cu(s) + 2 ac 
MM 180.40 63.55 118.08
W% = 118.08/425.97 = 27.93
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Figure 4-6 TG o f  Cu(2-ABA)y(ac)2 (PE  -  Pyris 1 TGA) heatedfrom R T — 1000°Cat 10 K  min^
4.3.2,2 Thermogravimetric Dissociation of Ni(2-ABA)3.Cl2
Ni(2-ABA)3.Cl2 underwent dissociation t)efore reaching its melting temperature (+250°C); this was 
visible as condensation on the side of the melting point tube above 200°C. The TG data obtained 
show a complicated dissociation pattern over a large temperature range (60-960°C) (Figure 4-5). 
There was a slight loss in mass up to 100°C, probably due to moisture that had been picked up by the 
complex upon standing. It was noticed that if air is passed through the sample over a prolonged period 
of time the sample became wet. The initial mass loss (10%) occurred at 190°C at a rate of 5.3% min \  
and could be due to initial loss of 2-ABA ligand coupled with a second mass loss (12%) occurred at 
210°C at 5.2% m in'\ a third mass loss (17%) occurred at 276°C at a rate of 5% m in'\ A fourth mass 
loss (11%) occurred at 347°C at a rate of 3.1% min'  ^ and may be attributed to the remaining 2-ABA 
ligand and partial dissociation of the chloro counter-ion. The remaining mass losses are covering a 
temperature range of some 575 K (Figure 4-4).
4.3.2.3 Thermogravimetric Dissociation of Ni(2-ABA)3.(ac)2
Unlike Ni(2-ABA)3.Cl2, Ni(2-ABA)3.(ac)2 does not display a complicated dissociation pattern when 
studied by TG. Ni(2-ABA)3.(ac)2 dissociates before reaching a melting temperature (110°C), and was 
observed as a brown liquid condensing on the sides of the melting point tube above 200°C. The TG
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data obtained stiow a slight decrease in the mass of the complex up to around 2G0°C with a mass loss 
of ca. 10 wt% at around 0.056% min'\ This again is probably due to evolution of moisture picked up 
by the sample upon standing. The first mass loss (6 8 %) occurs at 240°C at a rate of 0.43% min' and 
could be attributed to the loss of three 2-ABA ligands as this drop in mass equates to the mass 
percent of the 2-ABA ligands. Although this method is not conclusive, the décomplexation appears to 
occur in one step. The residual mass would seem to indicate that there is only nickel metal left in the 
pan at 670°C but there is a gain in mass by 1000°C indicating that the nickel metal may have reacted 
whilst approaching this temperature.
4.3.2.4 Thermogravimetric Dissociation of Cu(2-ABA)2.Cl2
This complex has an apparent melting temperature of between 199-204°C, although TG analysis of 
this complex suggested that the complex actually dissociated at this temperature. Cu(2 -ABA)2 .Gl2 , like 
Ni(2 -ABA)3 .Cl2 , has a complicated dissociation pattern, which extends over a large temperature range 
(200-900°C) before both of the ligands have undergone dissociation. This large dissociation range is 
probably due to the stability gained from the presence of the chloride ion being attached to the copper 
centre. The electronegativity of the chloride ion draws electrons away from the copper thus making the 
bond towards the diamine ligand stronger. The initial mass loss (8 %) occurs at 207°C at a rate of 
0.17% min'  ^ a second mass loss (22%) occurs at 309°G at a rate of 0.22% min'  ^ with the remaining 
mass of the sample being lost over a temperature range of 590 K. The total loss in mass would 
indicate that there is no metal present in the sample, FTIR, elemental analysis, uv-vis and magnetic 
measurements all indicate the presence of Gu(ll) and the fact that there has been a total loss in mass 
can not be explained at present.
4.3.3 Thermogravimetry of Anthranilamide complexes
Allan^ '^  et al. have carried out a series of TG and differential thermal analysis (DTA) studied on each of 
the complexes and showed that anthranilamide is thermally stable in the range of 20-140°G, with 
pyrolytic decomposition commencing at 148°G and with total elimination from the sample by 420°G 
(Table 4-3). The Gu(Anth)2 .Gl2 complex formulated in this study showed a initial mass loss at 183°G 
(9%), some 35°G higher than reported in the literature, and a second mass loss (35%) at 255°G.
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Table 4-3 Decomposition processes of the metal complexes
Complex Decomposition Mass Loss (%) Resulting
Temperature (°C) Calc. Found compounds
Co(Anth)2 Cl2 238 (endo) 33.9 34.0 Co(C7HgN20)2Gl2
359 (exo) 80.1 80.0 C0 3 O4
Ni(Anth)2 Cl2 2 1 2  (endo) 67.7 6 6 . 2 NiCl2
440 (exo) 81.4 82.0 NiO
Cu(Anth)2 Cl2 139 (endo) 22.3 22.4 CU3 (C7 HgN2 0 )4 ClQ
3 1 8 (exo) 80.5 80.3 CuO
Endo, endothermie; exo, exothermic (obtained from DTA curve) 
Table 4-4 Percentage Breakdown of Anthranilamide complexes
Complex MM (g) TM % X % L% L 2 % MP °C
Cu(Anth)2 .Cl2 406.76 15.62 17.43 66.94 - 145-150
Cu(Anth).(ac ) 2 317.79 2 0 . 0 0 37.16 42.84 - +230
Cu(Anth)(lm).Cl2 338.68 18.76 20.94 40.20 2 0 . 1 0 150
Mass loss of Anthranilamide/lmidazoie complexes (50-1000 “C at 10K/min)
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Figure 4-7 TG o f TM/Anth Complexes (50-1000 °C at 10 K  m in ’)
4.3.3.1 Thermogravimetric Dissociation of Cu(Anth)2.Cl2
Cu(Anth)2 .Cl2 has a melting temperature of 145-150°C. The TG data obtained show a complicated 
dissociation pattern over a large temperature range (155-1000°C) with the initial mass loss (9%) 
occurring at 183°C at a rate of 5% min'  ^ and a second mass loss (37%) occurring at 255°C at a rate of 
5.6% min'  ^ and could be due to the loss of one of the Anth ligands and the partial loss of the second
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ligand. The further reaction occurs gradually over a temperature range of 740 K (Figure 4-7). The 
complex is stable up until 160°C, with no drop in mass and no residual solvent in the sample.
4.3.3.2 Thermogravimetric Dissociation of Cu(Anth).(ac)2
Cu(Anth)2 .(ac) 2  appeared to degrade before reaching a melting temperature (>230°C). The TG data 
obtained show an uncomplicated dissociation pattern over a large temperature range (160-1000°C) 
with the initial mass loss (45%) occurring at 210°C at a rate of 24% min*^  and could be due to the total 
loss of the Anth ligand (Table 4-4). Further gradual decomposition over a temperature range of 740 K 
(Figure 4-7). The complex is stable up until 160°C, with no residual solvent in the sample.
4.3.3.3 Thermogravimetric Dissociation of Cu(Anth)(Im).Cl2
Cu(Anth)(lm).Cl2 displayed a melting temperature of 150°C. The TG data obtained show a 
complicated dissociation pattern over a large temperature range (158-1000°C) with the initial mass 
loss (32%) occurring at 245°C at a rate of 5% min'  ^ and a second mass loss (37%) occurring at 297°C 
at a rate of 3.6% min'  ^ the rest of the complex dissociates gradually over a temperature range of 630 K 
(Figure 4-7). The complex is stable up until 158°C, with no residual solvent in the sample. It is difficult 
to exactly assign which ligand is dissociating at which temperature without the use of a evolved gas 
technique.
This method, however, is only quantitative, due to the lack of a coupled detection method, such as 
mass spectrometry (MS), gas chromatography (GC) or infrared spectroscopy (FTIR), to observe 
exactly which species are being released at the specified temperature. A more accurate method for 
determining the dissociation temperature would be to use a slower heating rate (2K min'^) coupled 
with a second isothermal schedule at the temperature at which mass loss occurs. Characterisation of 
the species that have dissociated could then be carried out at specific temperatures throughout the 
temperature range to determine the method by which these complexes dissociate or decompose.
4.4 Use of Thermal Infrared and PCA to Characterise Cu(II) acetate as a Standard.
Figure 4-8 to Figure 4-10 show the PCA of copper(ll) acetate. The PCA shows the result of various 
data treatments on the "simple" copper acetate spectral data showing that, whether we use the raw 
data or normalise it in various ways, the gross detail is the same. If we look at Figure 4-8, Figure 4-9
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and Figure 4-10, we see a natural progression in the behaviour of the samples as the temperature 
increases up to 100°C, where there is a significant discontinuity in the data, telling us that a significant 
change has occurred. This change is manifest on the PCI axis, and as we see that PC1 is dominated 
by water-like features. This is probably due to the intrinsic water present in the metal salt or the KBr 
disk and could be reduced by further dehydration of the metal complex and/or the KBr.
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Figure 4-8 Clockwise, plot o f PC2 against P C I, regression coefficient, predicted against measured
tenqyerature, and the four main principal components, applied to raw, uncorrected data o f 
copper(U) acetate.
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Figure 4-10 Clockwise, plot o f  PC2 against P C I, regression coefficient, predicted against measured 
temperature, and the four main principal components, applied to data, which have been 
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4.5 Characterisation of Cu(2-ABA)2.(ac)2 using various Spectroscopic Techniques
Thermal characterisation has been carried out on Cu(2-ABA)2.(ac)2 using thermal FTIR, Thermal UV-
Visible and Thermal ESR spectroscopy.
4.5.1 Thermal FTIR and PCA
Cu(2-ABA)2-(ac)2 has been heated from room temperature to 150°C and FTIR spectra have been 
taken at 10 K intervals. Owing to the complex nature of the spectra PCA has been carried out on the 
data to elucidate the temperature at which the ligand dissociates (Figure 4-11). Samples at 140°C and 
150°C have been removed as they were severe outliers as far as the model was concerned, and do 
not add much to the overall picture. There is a break between CUABAAC7 (70°C) and CUABAAC8 
(80°C), along the PC2 axis, and then again between CUABAAC8 (80°C) and CUABAAC10 (100°C) 
along the PCI axis. The latter is probably due to v\ater contamination of the KBr disk, and the former 
to a change in environment of the ligand. It is difficult to point to a particular band as being significant, 
but Figure 4-11 also shows PC2, which is responsible for 23% of the spectral variance and PCI is 
responsible for 75% (the remaining 2% variance is shown in PCS and above).
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Figure 4-11 Clockwise: plot o f PC2 against P C I; regression coefficient; predicted against measured 
temperature and principal component 2, applied to raw, uncorrected data o f  Cu(2 -ABA)2>(ac)2>
It is possible to extract important data with the PCA technique, in the case of Cu(2-ABA)2.(ac>2 the
acetate bands (-1550 and 1420cm^) of the infrared obscure the R-NH2 bands (1650-1590cm which
should vary the most upon dissociation. Figure 4-12 and Figure 4-13 both show the absorption
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spectrum of Cu(2-ABA)2.(ac)2 at room temperature as well as the regression coefficient (RC) of all the 
thermal data. The RC spectra indicates that the dissociation of amine ligands is evident in this 
temperature range, which is indicated by an increase in the RC along the Y axis.
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From this it is possible to conclude that the changes in the PC1 vs. PC2 can be attributed to the 
dissociation of the amine ligands as we see shifts and decreases in the RC spectra associated with 
these characteristic bands.
4.5.2 Use of Thermal UV-Visible Spectroscopy
Cu(2-ABA)2.(ac)2 (4.25g, 0.1 mol) is heated from RT to 180°C at 10 K intervals in octan-1-ol (100 cm^) 
on a hotplate. Samples are taken from the heated solution and placed in to a cuvette and the spectra 
recorded using method 1 (Figure 4-14).
V
RT
5 0 0
Figure 4-14 Thermal UV-Visible Spectra o f Cu(2-ABA)2.(ac)2 in octan-l-ol (H P  Diode Array)
It can be seen that there is a change in the spectra at around 60-70°C, which indicates a change in 
the environment around the metal centre such as a ligand or part of a ligand dissociating from the 
metal centre.
4.5.3 Use of Thermal ESR Spectroscopy and PCA
The same experiment was effectively repeated using the same complex/solvent combination in order to 
confirm the data using a complementary technique. ESR spectroscopy was carried out on similar samples. 
The spectra (Figure 4-15), with a g factor of approximately 2.1, indicate a hyperfine coupling to copper of 
approximately 6 mT, giving rise to four lines of equal intensity but progressively increaang line-width from 
high field to low field. This is caused by molecular rotation and with increasing temperature there is evidence 
of the expected line narrowing. The spectra exhibit additional complexity consistent with the presence of 
dynamic exchange that is not susceptible to analysis. The data indicate that the initial dissociation 
commences at between 70 and 80°C.
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Comparison of Cu(2-ABA)2.(ac)2 in octanol at various temperatures /
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Figure 4-15 Thermal ESR o f Cii(2-ABA)2.(ac)2 in Octan-l-ol heated from 25 - 130°C (JEOL X  band)
The data were also treated using principal components analysis (PCA), a multivariate analysis 
technique that utilises all the ESR data and uses a holistic approach to determine similar and 
dissimilar spectra. This approach shows how extracting the principal components (PCs), which 
account for the variance in data, enables the analysis to be simplified. A plot of PC1, which accounts 
for 72% of the variance in the spectral data, against PC2, which accounts for 21%, is shown in Figure 
4-16, and displays a turnover point around 72°C.
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Figure 4-16 PC2 against P C I plot fo r thermal ESR o f Cu(2-ABA)2.(ac)2 in Octan-l-ol
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4.6 Characterisation of Cu(Anth)2 .Cl2 using Various Spectroscopic Techniques
Thermal characterisation has been carried out on Cu(Anth)2 .Cl2  using thermal FTIR, thermal UV-
Visible and thermal ESR spectroscopy.
4.6.1 Use of Thermal FTIR  and PCA
Cu(Anth)2 -Cl2 has been heated from room temperature to 150°C at 10 K intervals and a FTIR 
spectrum has been taken at each temperature (Figure 4-17). The complex is thermally stable to 
around 110°C and at this point there is a large change in the PCI vs. PC2 plot that indicates that the 
dissociation of a ligand may have occurred.
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Figure 4-17 Clockwiscy plot o f  PC2 against P C I y regression coefficient, predicted against measured 
temperature, and principal component 2, applied to raw, uncorrected data o f  Cu(Anth)2>Cl2.
An examination of the RC spectra for the data (Figure 4-18 and Figure 4-19) shows that there has
been an overall reduction in the amino and amido (3100-3500 cm'^) peaks upon heating (chapter
2.9.1). Most of the changes observed in the spectrum are occurring both in the amine and the amide
regions (3100-3500 and 1550-1690 cm'^) and this suggests that there is ligand dissociation taking
place within this temperature range.
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Figure 4-19 Reduction in Amine and Andde Peaks Cu(Anth)2- Cl2 4000-2000 cni
4.6.2 Use of Thermal ESR Spectroscopy
Unlike Cu(2-ABA)2.(ac)2, Cu(Anth)2 .Cl2 shows very little dissociation in the thermal ESR spectrum. 
Over the 130 K temperature range there are no significant peak deformations or peak shifts and only a 
slight reduction in the peak heights is apparent.
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Comparison of Cu(Anth)2.Cl2 (Solid) from 22 to 150°C
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Figure 4-20 Thermal ESR o f Cu(Anth)yCl2 (solid) from  22.5-150°C  
4.6.3 Use of Thermal UV-Vis Spectroscopy
Cu(Anth)2-Cl2 in H2O Heated from RT - 90 Deg C
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Figure 4-21 Thermal UV-Vis Spectra o f Cu(Anth)2.Cl2 in H 2O (Cecil CE7200)
As can be seen from Figure 4-21, the initial dissociation appears to occur at around 40-45°C. This is 
significantly lower than that of Cu(2-ABA)2-(ac)2 complex, but this experiment has been carried out in
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distilled water due to the insolubility of the complexes in octan-1-ol. The water molecule may have 
displaced a ligand or bound to the metal upon heating, and this may account for the transition at 40°C.
4.7 Characterisation of Cu(Anth).(ac)2  Using Various Spectroscopic Techniques 
Thermal characterisation has been carried out on Cu(Anth).(ac) 2  using thermal FTIR, thermal UV- 
Visible. Thermal ESR spectroscopy was not carried out on this sample as it did not provide a 
spectrum.
4.7.1 Thermal FTIR  and PCA
Cu(Anth).(ac>2 has been heated from room temperature to 150°C at 10K intervals and a FTIR 
spectrum has been taken at each interval (Figure 4-22). The complex is thermally stable to around 
130°C and this point there is a large change in the PC1 vs. PC2 plot that indicates that the 
dissociation of a ligand has occurred at this temperature.
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Figure 4-22 Clockwise: plot o f PC2 against P C I; regression coefficient; predicted against measured 
temperature, and principal component 2, applied to raw, uncorrected data o f Cu(Anth).(ac)2.
When the RC spectra for these data (Figure 4-23 and Figure 4-24) are examined it is apparent that
there has been an overall shift in the amino and amido (3100-3500 cm^) peaks upon heating (chapter
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2.9.1). A first derivative type spectral line at 3376 cm'  ^ and a reduction in peaks at 3497 cm^ and 3462 
cm'  ^ indicate the environment around nitrogen has changed. Most of the changes observed in the RC 
spectrum are occurring in both the amine/amide regions (3100-3500 and 1550-1690 cm^) and would 
suggest that there is ligand dissociation within this temperature range.
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Figure 4-23 Reduction in Amine and Amide Peaks Cu(Anth).(ac) 2  4000-2800 cni
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Figure 4-24 Reduction in Amine and Amide Peaks Cu(Anth).(ac) 2  2000-400 cni
4.7.2 Use of Thermal UV Vis Spectroscopy
After an initial change in the visible spectrum (Figure 4-25) from 21°C to 40°C, which may be 
attributed to a water ligand attaching to the metal centre, a large shift is apparent at 70°C. This,
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however, does not correlate with the thermal FTIR data, where a large change occurs in the spectra at 
around 130°C and so the change in the UV-Vis spectra may be due to v\^ter molecules coordinating to 
the metal and changing the visible spectrum of the complex.
Cu(Anth)2.(ac )2 in H2O  Heated from  RT - 90 Deg C
550 600 650
Wave length (nm)
Figure 4-25 Thermal UV-Vis Spectra o f Cu(Anth).(ac) 2  in H 2O (Cecil CE7200)
4.8 Characterisation of Cu(Anth)(Im).Cl2 using Various Spectroscopic Techniques
Thermal characterisation has been carried out on Cu(Anth)(lm).Cl2 using thermal FTIR, thermal UV-
Visible and Thermal ESR spectroscopy
4.8.1 Use of Thermal FTIR
Cu(Anth)(lm).Cl2 has been heated from room temperature to 150°C at 10 K intervals and a FTIR 
spectrum has been taken at each temperature (Figure 4-26). The complex is thermally stable to 
around 110°C and this point there is a large change in the PCI vs. PC2 plot that indicates that the 
dissociation of a ligand has occurred at this temperature.
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Figure 4-26 Clockwise: plot o f PC2 against P C I; regression coefficient; predicted against measured 
temperaturey and principal component 2, applied to rawy uncorrected data o f  Cu(Anth)(Im).Cly
When the RC spectra for these data (Figure 4-27 and Figure 4-28) are examined it is apparent that
there has been an overall shift in the amino and amido (3100-3500 cm peaks upon heating,
indicating that the environment around the each nitrogen has changed. Most of the changes observed
in the RC spectrum is occurring in both the amino and amido regions (3100-3500 and 1550-1690 cm^)
and this would suggest that there is ligand dissociation within this temperature range.
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Figure 4-27 Reduction in Amine and Amide Peaks Cu(Anth)(Im).Cl2 4000-2000 cm^
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Figure 4-28 Reduction in Amine and Andde Peaks Cu(Anth)(Im).Cl2 2000-400 cm'
4.8.2 Use of Thermal ESR Spectroscopy
Unlike Cu(2-ABA)2.(ac)2, Cu(Anth)(im).Cl2 shows very little of dissociation in the thermal ESR 
spectrum. Over the first 110 K temperature increase there are no significant peak deformations or 
peak shifts and only a slight reduction in the peak heights is detectable. At 150°C the complex seems 
to dissociate and the ESR spectrum starts to lose definition.
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Comparison of Cu{Anth)(lm).Cl2 (solid) from 30-160°C
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Figure 4-29 Thermal ESR o f Cu(Anth)(Im).Cl2 (Solid) 21-160°C (JEOL R E IX )
4.9 Thermal Dissociation of Complexes in MY721
A  'bench top' experim ent w as carried out on each of the com plexes. A  sto ichiom etric am ou n t of each
com plex w as m ixed with M Y 72 1  and heated  from  42  to 18 0°C  at 4 .4 6  K m in '\
•  T h e  N i(2-A BA)3.C l2 system  started bubbling at around 1 0 0 °C  with a slight darken ing  in colour. T h e  
bubbles increased in s ize  by 1 2 0 °C , but after this tem pera ture  there w as no fu rther increase in the  
vo lum e in the vial indicating ligand dissociation leading to volatilisation.
•  T h e  N i(2-A B A )3.(ac)2 system  began bubbling at around 10 0°C  and d arken ed  slightly at around  
12 5°C . Bubbles w h e re  still being generated  at 14 0°C  indicating ligand dissociation leading to 
volatilisation.
•  T h e  Cu(2-A B A )2.C l2 system  w as unchanged until around 14 8°C  w hen  an exoth erm ic  reaction  
occurred which involved sm oke being gen era ted  and the contents of the vial w e re  ejected  
indicating ligand dissociation leading to volatilisation.
•  T h e  C u(2-A B A )2 .(ac)2  system  started bubbling at around 10 0°C  with a sudden  increase in its 
volum e at 13 0°C , then no further changes indicating ligand dissociation leading to volatilisation.
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4.10 Summary and Conclusions
Thermal characterisation studies have been carried out on each of the complexes to determine the 
point at which the ligands dissociate from the metal centre. Thermogravimetric analysis has been 
carried out on all of the complexes to observe the point at which the complex breaks down. This 
considered, thermal FTIR and thermal ESR and UV-Vis spectroscopy has made it possible to observe 
the point at which initial ligand dissociation has occurred (Table 4-5 and Table 4-6). Initial thermal 
characterisation which was carried out on the TM/2-ABA complexes, primarily Cu(2-ABA)2.(ac)2, has 
proven to be quite useful. The analysis of the data shows that the full dissociation of the 2-ABA ligand 
from the Cu(ll) acetate occurs at around 144°C and that there is dissociation of one of the amine 
ligands occurring at around 70°C. However, this has not been the case for all the complexes and 
some of the techniques used in this study have failed to give any meaningful information about the 
initial ligand dissociation. Thermal FTIR coupled with PCA has been the most useful technique for 
evaluating the initial ligand dissociation for the bi-dentate 2-ABA ligands and has shown that the Anth 
ligands are only mono-dentate as no ligand dissociation is seen at temperatures below 100°C.
Table 4-5 Thermal Characterisation o f 2-ABA and Anth Complexes
Complex FTIR
(»C)
UV-Vis
(X )
ESR
(X )
TG Analysis 
(X )
Melting
temperature
(“C)
Cu(2-ABA)2.(ac)2 70 60-70 60-70 185 135-140
Cu(Anth)2.Cl2 110 40-45 - 183 145-150
Cu(Anth)2 .(ac)2 130 40/70 - 210 >230
Cu(Anth)(Im).Cl2 110 - 150 245 150
- = no data obtained 
Table 4-6 Thermal Characterisation o f OPD and 2-ABA Complexes
Complex TG Analysis 
(X )
Melting temperature 
(X )
Cu(OPD)2 .Cl2 162 >250
Cu(OPD)2.Br2 117 >250
Ni(OPD)3.Cl2 210 >250
Ni(OPD)3.Br2 245 >250
Ni(2-ABA)3.Cl2 190 >250
Ni(2-ABA3.(ac)2 240 110
Cu(2-ABA)2.Cl2 207 200
The use of these techniques in the analysis of the all of the novel curing agents should lead to a better 
understanding of the how these compounds react with the epoxy resin when undergoing cure. From 
these studies, it has been possible to determine the initial and final dissociation of the ligand. This 
information can be used to understand the reaction mechanism seen in the DSC and help to elucidate 
the reaction kinetics of the overall process.
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Chapter 5 Thermal Reactivity of Epoxy Resins using Complex Curing Agents
Having established the method by which these ligands dissociate from the TM centre, it was now 
necessary to evaluate the reactivity with the epoxy resin. This wast achieved through DSC (cure 
characteristics and kinetics) and rheometrics (gel time).
5.1 Techniques for the Determination of Thermal Dissociation
DSC measurements have been carried out on two Perkin-Elmer machines and a TA Instruments 
machine. The first, a PE DSC 7 (based at Cytec-Fiberite) used 50 mm^ pans to which 5-7 mg of resin 
were accurately weighed and 30 mm^ pan with holes was used for a lid. The second, a Pyris™ 
operated PE DSC 7 (based at DERA), used 15 mm^ pan to which 2-5 mg of resin was accurately 
weighed with an un-pierced lid. TA DSC 2920 (based at Cytec-Fiberite) used hermetically sealed 
pans, to which 2-5 mg of resin had been accurately weighed and the lids pierced prior to the 
experiment. And a TA DSC 2920 (based at DERA) used hermetically sealed pans, to which 2-5 mg of 
resin had been accurately weighed and the lids left un-pierced prior to the experiment.
5.1.1 Calibration of DSC Instruments
Each instrument was calibrated using indium (99.999%, 5-7 mg. Onset = 156.61 ± 0.5°C, - AH = 28.45 
± 0.2 J g' )^ when ever the machine was switched on or every ten runs. A second check was carried 
out using zinc (99.999%, 5-7 mg Onset = 419.47°C ± 0.5.) when the indium check was out of the 
specified tolerances. It has also been necessary to calibrate the each analyser when changing the 
heating rates at which the samples are being run. Under standard conditions the samples are run from 
30-300°C at 10 K min'\ The peak, onset and AH information for the different heating rates 5, 10, 15, 
20 K min'  ^ are used to recalibrate the instrument.
• Instrumentation
Rheometric and visceometric analysis has been carried out on each of the samples, both dynamically 
(30-300°C at 2 K min'^) and isothermally (10 min at 30°C over time) using a TA Instruments AR1000 
rheometer (Cytec-Fiberite) and a Rheometric-Scientific SR-5 (UniS). The AR1000 uses 4 cm  ^
disposable plates and the SA-5 uses 2.5 cm  ^disposable plates. The heat-up rate simulates the most 
common type of cure cycle, which should produce data that can be used to determine the cure cycle 
to use on scale up.
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5.2 Differential Scanning Calorimetry (DSC)^^
5.2.1 General Thermal Analysis Procedure
Ultimately, any successful curing agents developed during this research work will be used in industrial 
applications, therefore it is necessary to look at the cure characteristics of these complexes once 
incorporated into BADGE or TGDDM. And to compare them with industrial standard curing agents 
DDS, DiCy, Diuron, Curamid CN and CA150. Dynamic, kinetic and isothermal studies have been 
carried out on the novel curing agents and current one-pot industrial standard DDS in MY721. Each of 
the curing agents have been stoichiometrically added to MY721 and heated from 30-300°C initially at 
10 K min'\ This heating schedule is a standard used by industry to assess whether a resin system is 
within specified tolerances and has been used in this study as a basis for comparing all of the 
developed curing agents against DDS. Each of the curing agents have been run at varying heating 
rates (5, 10, 15, and 20 K min'^) to enable the determination of Arrhenius parameters for the 
polymerisation process. DSC characterisation has been carried out on each of the samples. Table 5-1 
outlines the cure onset, heat of reaction and glass transition temperature of MY750 with the standard, 
novel and OPD cure systems.
5.2.2 DSC Analysis using Dynamic (fixed rate) Scan
As can be seen from the table the uncomplexed diamine has similar cure characteristics to the 
standard systems, with an onset of around 140°C. The novel curing agents have slightly higher cure 
onsets; this is due to the ligands remaining bound to the metal centre and not reacting until the 
dissociation temperature has been reached. The cure mechanisms of the uncomplexed amines occur 
over a large temperature range, a low level of reaction typically occurring at mixing temperatures 
which increase with the increase in temperature as the cycle progresses. The cure mechanism for the 
novel curing agents reacting with epoxy functions has been hindered to a degree by the complexation 
of amine functionalities to the metal, thereby preventing reaction below the dissociation temperature 
and leading to a higher cure onset. The elevated temperatures reached before the reaction occurs can 
lead to an exothermic reaction as a higher and rapid influx of OPD ligands is available to react at this 
elevated temperature. Table 5-1 outlines the cure onset, peak maximum and heat of reaction of 
MY750 and MY721, with the standard and the developed curing agents compared with literature 
values for DEN 438.
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Table 5-1 Cure Characteristics o f commercial epoxies containing selected curing agents (30-300°C at 10 K  
m in ’)
Epoxy Resin Curing Agent
Onset
(X )
Peaks
(°C)
AH
(J 9  ')
AH 
(kJ mol‘+ 
epoxy groups)
MY750 Curimid CN 135 146 124 23.74
MY750 Dicy/CA150 142 147 383 71.44
MY750 Diuron/DiCy 144 150 612 113.44
MY750 Cu(OPD)3.Cl2 151* 160* 84* 13.71
MY750 Ni(OPD)3.Cl2 156- 163* 168- 172* 191 -208* 34.02
MY750 Ni(OPD)3.Br2 164 174-175* 146- 193* 30.59
MY750 o-Phenylenedlamine 139 167 290 49.74
IVIY750"' PGE-EMI 130 153/241/301 357 65.35
MY750'''^ Cu(PGE-EMI)4.Cl2 160 197/258/307 428 64.23
MY721 Curimid CN 143 176 704 82.03
MY721 Dicy/CA150 136 143 361 39.32
MY721 Diuron/Dicy 140 147 567 61.46
MY721 o-Phenylenediamine 158 182 487 47.56
MY721 Cu(OPD)2.C(2 228 286 709 62.12
MY721 Cu(OPD)3.Cl2 136*-176 153*-206 519*-698 63.14
MY721 Ni(OPD)3.Cl2 158-161* 169-172* 233*-643 58.48
MY721 Ni{OPD)3.Br2 163-164* 173*-174 739-791* 68.71
MY721 2-AminobenzyIamine 104 131 260 24.80
MY721 Cu{2-ABA)2.Cl2 161-165^ 170-176^ 610+-630 54.04
MY721 Cu(2-ABA)2.(ac)2 127-135+ 140-145+ 497+-529 43.83
MY721 Ni(2-ABA)3.Cl2 144-149^ 159-162+ 538-563+ 50.09
MY721 Ni{2-ABA)3.(ac)2 109M 19 129+-141 498-554+ 48.12
MY721 Anthranilamide 177 251 521 48.56
MY721 Imidazole^ 96 121 587 66.91
MY721 Cu(Anth)2.Cl2 107 118/186 681 57.21
MY721 Cu(Anth).(ac) 2 133 146 467 37.80
MY721 Cu(Anth)(lm).Cl2 107 119/181 558 42.65
MY720" PGE-EMI 80 116/158/277 634 68.45
MY720"^ Cu(PGE-EMI)4.Cl2 130 163/231/277 612 49.13
DEN - 295 374 95 73.90
DEN 438 CuPTA 225 322/415/460 - -
DEN 438 CuPTA + BF3 MEA 215 292/355 48.2 22.53
DEN 438 CoPTA 180 328 - -
DEN 438 C0 PTA + BF3 MEA 140 220/326 48.1 22.54
DEN 438 NiPTA 190 352/430 - -
DEN 438 NiPTA + BF3 MEA 150 220/350 47.8 22.42
taken at D ER A , *  =  10 wt% imidazole in M Y 7 2 1 ,- = no reading.
The reaction enthalpies per mol of epoxy groups for the developed systems are similar to those 
evolved by the traditional curing systems DiCy, Diuron, Curimid-CN and CA-150, and there is good 
agreement between each of the developed curing systems giving a range of 37.8 kJ mol'  ^ to 68.71 kJ 
mol'\
112
The cure characteristics of MY721 are similar to cure characteristics of MY750, except for 
Cu(OPD)2 .Cl2 which has a higher cure onset than the standard curing agents. There is a definite 
change tjetween the Cu(OPD)3 .Cl2 produced at UniS and Cytec-Fiberite; this difference is believed to 
be due to a change in the reaction method of the OPD molecules to the metal salt. The method used 
in the initial trials of production was simply to mix the two reagents together and shake vigorously. 
This, in turn, may have introduced impurities into the final product, which resulted in a higher cure 
onset. The complex produced at Cytec on the other hand used the same technique of introduction and 
mixing used for the production of nickel OPD complexes. This technique uses stoichiometric addition 
to the reaction vessel which, in turn, ensured a 3:1 ratio of OPD to Cu.
 Cu(2aba)2(ac)2
«
Ire  Cu(2-ABA)2.Ci2
u .
I
X — ------  '-W
 Ni(2-ABA)3.(ac)2
 Ni(2-ABA)3.Ci:
3(10250150 200100
Temperature (®C)
Figure 5-1 Standard DSC Ifynamic Scan TM/2-ABA Complexes in MY721 (30-300°C at 10 K  min'V 
The varying dissociation patterns that are observed in the TG can also seen in the DSC scans. The 
more stable halide complexes have a higher cure onset, which is to be expected (Figure 5-1).
•  It can be seen in the scan for Ni(2-ABA)3.Cl2 that, after the initial peak at 161.7°C, there is a 
second peak at 194°C and possibly a third peak at around 253°C. These peaks correspond to the 
dissociation pattern seen in the TG analysis, with three major dissociation events occurring at 190, 
210 and 280°C. The events are observed at lower temperatures in the DSC, which could be due 
to solvent effects of the epoxy resin.
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• Like NI(2-ABA)3.Cl2, there is a reduction in the temperature at which this complex dissociates
when incorporated into MY721 (Figure 5-1). There is a reduction in the cure onset and peak
y
maximum of around 20°C with this change in the counter ion. Jhis decrease peak maximum 
suggesting that the ligands are less tightly bound to the metal than the halide analogue. This 
means that it is possible to tailor physical properties of this complex simply by changing the 
counter ion. The DSC also shows a gaussian shaped curve that tails off slightly, which 
corresponds with the one step dissociation of the ligand from the TM.
• The cure onset and peak maximum of Cu(2-ABA)2.Cl2 is 10-15°C higher than that of the 
corresponding Ni(2-ABA)3.Cl2 analogue in MY721, but is 70-80°C lower than the corresponding 
Cu(OPD)2 .Cl2 complex (Figure 5-1). Like the Ni(2-ABA)3.Cl2 analogue, Cu(GPD)2 .Cl2  shows a 
complicated TGA trace, which is mirrored in the DSC with the second peak at 201 °C.
• It has already been seen, when comparing Ni(2-ABA)3.Cl2 and the Ni(2-ABA)3.(ac)2 peaks, that the 
cure onset and the peak maximum reduces when studying the acetate analogue. In this case the 
reduction in the Cu(2-ABA)2.(ac)2 peak is by 30°C (Figure 5-1 ). The shape of the peak is similar to 
that of the Ni(2-ABA)3.(ac)2 in that it is gaussian in shape and uncomplicated. This is probably due 
to the single step release of the ligand from the metal centre.
5.2.3 Examination of the Effect of Varying the Concentration of Ni(2-ABA)3.Cl2 in MY721 
In this study each of the curing agents have been added to MY721 in varying ratios and heated using 
the standard cure cycle to ascertain what effect changing the mixing ratios has on the cure 
characteristics.
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Figure 5-2 Comparison o f Ni(2-ABA)j.CÏ2 in MY721 at Varying Mixing Ratios (E = Epoxy A = Curing Agent)
The first peak that corresponds to the diamine cure is suppressed as the concentration decreases and 
the homo-polymerisation peak is clearly more visible at around 230°C (Figure 5-2).
Table 5-2 Dynamic Cure Characteristics o f Ni(2-ABA)j.Cl2 in MY721 at DERA
E :A  R a tio C u re  o n s e t  
(°C )
P e a k  M a x im u m
r c )
AH
(J g-')
AH  
(kJ  mol'^  
e p o x id e )
10 0 :5 138.7 158.6 732.6 85.97
10 :4 143.4 163.3 721.0 75.71
10 :6 145.6 162.2 586.8 58.05
10 :8 147.4 162.2 618.9 57.88
1:1 149.0 161.7 562.8 50.12
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5.2.4 Examination of the Effect of Varying the Concentration of Ni(2-ABA)3.(ac)z in MY721
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Figure 5-3 Comparison o f Ni(2-ABA)3.(ac)2 in MY721 at Varying Mixing Ratios. 
Table 5-3 Dynamic Cure Characteristics o f Ni(2-ABA)s.(ac)2 in MY721
E:A Ratio Cure onset 
(°C)
Peak Maximum 
(°C)
AH 
(J 9"')
AH 
(kJ mol'^ 
epoxide)
10:2 126.2 144.9 64.3 7.13
10:4 118.1 144.6 752.3 73.81
10:8 117.0 140.2 629.5 57.96
1:1 109.4 128.6 553.6 48.02
Cytec 1:1 118.8 140.7 497.8 43.18
As would be expected, as the concentration of the curing agent is decreased so is the size of the 
corresponding peak (140°C), but this behaviour does not seem to favour an increase in the homo­
polymérisation peak (Figure 5-3).
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5.2.5 Examination of the Effect of Varying the Concentration of Cu(2-ABA)2.Cl2 in MY721
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Figure 5-4 Comparison o f Cii(2-ABA)2.Cl2 in MY721 at Different Concentrations 
Table 5-4 Dynamic Cure Characteristics o f Cu(2-ABA)2. CI2 in MY721 at DERA
E:A Ratio Cure onset
r c )
Peak Maximum
m
AH
(J 9  ')
AH 
(kJ mol*  ^
epoxide)
10:2 172.0 181.0 90.3 6.00
10:4 170.3 181.0 877.2 90.52
10:6 169.4 179.5 725.3 70.01
10:8 165.1 177.2 755.6 68.52
1:1 165.4 175.9 610.4 52.56
On varying the concentrations of the curing agent there is a reduction in the peak high associated with 
the diamine cure and an increase in the peak associated with the homo-polymerisation (Figure 5-4).
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5.2.6 Examination of the Effect of Varying the Concentration of Cu(2-ABA)2.(ac)z in MY721
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Figure 5-5 Addition Cure Parameters (30-300°C at lOK/min) Cu(2-ABA)2.(ac)2
E:A Ratio Cure onset 
(°C)
Peak Maximum 
(°C)
AH  
(J 9"')
AH  
(kJ mol'  ^
epoxide)
100:5 10 8 .9 12 0 .7 2 0 .7 2 .4 3
10:2 11 7 .3 13 0 .4 103.1 6 .5 0
10:4 122 .8 13 6 .9 2 2 1 .7 22.49
10:6 12 6 .5 13 7 .7 3 2 3 .4 3 0 .4 8
Cytec 10:6.6 126 .8 140.41 5 2 8 .7 4 9 .0 6
10:8 12 9 .3 13 9 .6 4 6 9 .0 4 1 .2 8
1:1 135.3 14 5 .0 4 9 7 .3 4 1 .3 4
As the concentration of C u(2-A B A )2 .(ac)2  is reduced in the ep oxy resin M Y 7 2 1 , there  is a gradual 
d ecrease  in the cure o n s e t , p eak m axim um  and AH, which w e w ould expect (F igure 5-5 ).
5.3 Determination of Gel Point and Rheological behaviour of epoxy/Curing Agent Systems 
As the cure process progresses, the polym er chain lengths inevitably increase in size and branching. 
This increase in chain length increases the viscosity of the system , this increase in viscosity is a direct 
indication that the cure process has occurred. T h e s e  m easurem ents  can be re la ted  to th e  crosslink 
density. T h e  storage stability of a resin system  can be m easured  via the chan g es in the viscosity of 
the system . As the cure of the epoxy resin ad van ces the polym er netw ork increases in size and  
therefore viscosity also increases. This technique can also be used to observe the cure process,
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monitoring the reduction in the viscosity as the system is heated and then the increase in the viscosity 
as the polymer network is built. It is also possible to observe the gel pointy^ as G' (storage modulus) 
crosses G" (loss modulus) using this technique. The importance of knowing the mobility of the epoxy 
resin as it cures is an important parameter when the curing agents are insoluble in the resin. It is 
important to have a homogeneous mix throughout the cure process and if the mobility of the resin is 
too high there is a danger that the homogeneity is reduced. The gel point is an Important parameter as 
it shows the point in time when the system has become immobile.
5.3.1 Gel Time Measurements of Epoxies Containing OPD Based Complexes
Analysis of gel time has been carried out on both the standard and MY750 Ni(OPD)3 .Cl2 systems to
ascertain the time taken at a given rate (50 to 250°C at 2 K min'^) to reach cure. The Ni(OPD)3 .Br2  in 
both of the resins is unevenly mixed which has prevented the use of this technique as a qualitative 
method. Gel point analysis has been carried out on the Cu/OPD complex, but exothermic reactions 
occurred which stopped the test (Table 5-5).
Table 5-5 Gel times o f M Y750 and MY721
Epoxy/Curing Agent System Gel Time 
(min)
Conditions
MY750 Ni(OPD)3.Cl2 71 50-250°C at 2 K min'"'
MY750 DiCy/CA-150 41 “
MY750 Curimid ON 40 “
MY750 o-Phenylenediamine 43 “
BADGE/OPD (10wt%)"^ 3.5 Isothermal 120°C
BADGE/MPD (10wt%)^^ 1.7 “
BADGE/PPD (10wt%)" 1.0 “
BADGE/Zn{o-G6H4(NH2)2)2(CH3COO)2(10wt%)" 6.2 “
BADGE/Zn(m-C6H4(NH2)2)2(CH3COO)2(10wt%)" 0.5 “
BADGE/Zn(p-C6 H4 (NH2 )2 )2 (CH3 COO ) 2  (1 Owt%)" 2.0 “
MY721 Ni(OPD)3.Cl2 61 50-250°C at 2 K min'^
MY721 DiCy/Diuron 39 “
MY721 Curimid ON 40 “
MY721 o-Phenylenediamine 43 “
The gel times that have been reported in the literature (Table 5-5) are significantly lower than those 
reported in this work. This is due to the use of a dynamic method for the cure of the sample, which 
simulates a typical cure schedule (50-250°C at 2 K min* )^, rather than an isothermal cure that heats 
the sample at the desired cure temperature of the system. The gel times for the novel complex 
Ni(OPD)3 .Cl2 in both MY750 and MY721 are significantly higher than the standard cure systems. This
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suggests that a longer time, and therefore a higher temperature, is needed to achieve the same level 
of cure. During the cure cycle the Ni(OPD)3 .Cl2 settled to the bottom of the resin as the viscosity 
decreased. This resulted in the plates not gelling together, which haf happened with the standard 
curing agents.
One of the major causes of the exotherm within epoxy cure cycles is due to the non-homogeneous 
mixing of the curing agent into the resin itself. If the resin agglomerates around the curing agent, this 
create “Hot Spots” of curing agent which can lead to the acceleration of the reaction, causing the 
epoxy to pass its predetermined cure temp and Tg and resulting in decomposition. There are various 
methods of reducing the problem of agglomerates:
1. reduce particle size to encourage a more homogeneous mix;
2. add thickening agents;
3. increase the solubility of the curing agent in the epoxy.
Problems have been experienced in the past by Cytec when incorporating the standard curing agents 
into the epoxy resins as DiCy, Diuron and CA-150, as these are all insoluble in MY750 and MY721. 
Each of these compounds has to be introduced to the epoxy in its micronised form with a particle size 
in the order of 30 pm and below, with DiCy and Diuron having particle sizes of less than 10 pm. As 
with most viscous materials, it is easier to incorporate the curing agent whilst the epoxy is warm 
(~50°C), as this further aids homogeneity. In addition, with production mixers high viscosity often gives 
better dispersion, due to higher shear forces from the mixing blades.
In the case of Ni(OPD)3 .Br2 and Ni(OPD)3 .Cl2  the complexes already have a fine appearance, but settling 
out of the lower viscosity MY750 is very apparent after only a few days. The act of reducing the particle size 
of these complexes to below 30 pm should aid the standing life when dispersed into the resin.
Heating the epoxy system, is the effect this has on lowering the viscosity of the resin. This has a 
detrimental effect on the homogeneity of the curing agent in the epoxy and settling out is experienced. 
To overcome this, additives which maintain a high viscosity when heated (thickening agents) could be 
introduced and might significantly reduce the settling which is observed.
5.3.2 Gel Time Measurements of Epoxies Containing 2-ABA Based Complexes 
The gel point gives further information about the cure characteristics of these complexes. From the 
information given by this method it is possible to observe the minimum viscosity of the system and the 
point at which the resin gels. Figure 5-6 shows the G7G" cross over point for Ni(2-ABA)3.Cl2 in MY721.
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Gel point of Ni(2-ABA)3.CI2 in MY721
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Figure 5-6 Cure Characteristics o f Ni(2-ABA)3. CI2 in MY721
Table 5-6 Gel point and Minimum Viscosity (r\„dt) o f TM/2-ABA Complexes in MY721
Complex In MY721 Gel point 
OQ
Tlmin
Pa s
Ni(2-ABA)3.Cl2 151 0.68
Ni(2-ABA)3.(ac)2 137 1.90
Cu(2-ABA)2-Cl2 154 1.88
Cu(2-ABA)2>(ac)2 136 2.25
It can be seen from the gel point information that the chloride analogues of the two complexes give 
significantly higher gel point than the corresponding acetato analogues.
The temperature at which this Ni(2-ABA)3.Cl2 complex gives gellation is 151°C. This corresponds well 
with the DSC data. The trace also shows that at around 90-140°C there are volatiles being released 
from the complex. These fluctuations can be attributed to the moisture take up of the complex, which 
causes voids in the resin and therefore affect the trace.
Ni(2-ABA)3.(ac)2 and Cu(2-ABA)2-(ac)2 lead to higher rimin: this is probably due to the lower 
dissociation temperatures and the subsequent reaction with MY721 taking place earlier. The gel point 
matches well with the cure onset and the peak maximum of this system.
The gel point for this reaction is 154°C, which is below the cure onset and the peak maximum. This 
suggests that some homo-polymerisation is occurring before the onset of the cure.
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The gel time can also be influenced by the choice of ligand, Dowbenko^^’"^'’’'^  ^ et al. have reported that 
by varying the substituted imidazole coordinated to Gu(ll) Chloride it is possible to vary the time it takes 
for different epoxy resins to reach their gel point. Variations in the <^ el time are also seen when 
changing the diamine ligands from OPD to 2-ABA.
Table 5-7 Gel Times fo r the Various TM-imidazole Complexes in Different Epoxy Resins at 1 76°C
Complex Gel Time (min)
Salt Mol Imidazole* Mol Epon 828* Epon 871* Ciba
Cy179*
Ciba
ECN1280*
GuCl2 0.100 Im 0.400 2 170 140 315
GuGIz 0.100 2-MeIm 0.400 210 130 60 170
GuGIz 0.050 Dim 0.200 40 70 200 315
GuGIz 0.05 AlEtMelm 0.210 7 130 345 95
GuGIz 0.06 ImC 0.240 4 70 60 210
Definitions in abbreviations
A varied scope of work has also been reported in the literature (Table 5-8) on the use of TM-salts and 
complexes as accelerators and curing agents for epoxy resin systems. The gel time measurements 
that have been carried out have used the isothermal method and give similar times for gelation as 
developed systems using a dynamic method, although these two methods cannot in reality be directly 
compared.
Table 5-8 Gel times fo r TM-salt/complex curing systems under isothermal conditions.
Epoxy/Curing Agent System Gel Time 
(min)
Temperature
(“O
MY750/PGE-EMI (5wt%)"" 24 150
MY750/Cu(PGE-EM!)4.Cl2 (5wt%)'' 76 150
MY720/PGE-EMI (5wt%)"* 15 85
MY720/Cu(PGE-EM!)4.Cl2 (5wt%)"* 60 85
Epon82B/Cu(2-dlm0thyl-3-benzyIimidazolium chioride).Cl2" 270 120
EponB28/Co(1-b0nzyl-2-ethyl-3-methyl-imidazo!ium chlorid0 ).CIz^ ^ 24 120
BADGE/Co(acac)z'^ 25 120
BADGE/Co(acac)2 (A/,/V-di-'butyl0 thyl0 n0 diamin0 )'^ 42 120
BADGE/Co(acac)2(/V,/V-dim0 thyl0 thyl0 n0 diamin0 )'^ 8 120
CY 205/HY 905'^ 625 125
CY 205/HY 9G5/NI(acac)2 (I.Ophr)^ ^ 290 125
CY 205/HY 905/Cu(acac)2 (1 .Ophr)--' 480 125
BADGE/1-m0 thylt0 trahydrophthalic Anhydrida/Tltanium-oxy-acac (0.1 wt%)^ '^ 37 150
BADGE/1-m0thyIt0trahydrophthalic Anhydrida/ Cobalt(ll)-acac (0.1 wt%)''^ 52 150
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Chapter 6 Examination of the Cure Mechanisms of MY721 Containing TM-Complexes.
y
In all chemical reactions it is important to understand how fast each of the reagents are reacting with
'i
each and the manner or mechanism by which this occurs. The overall reaction mechanism for the 
polymerisation process can be very complex and many different reactions can take place at once. 
Reaction kinetics are used to observe the rate of the chemical reaction and give a guide line to 
whether the reaction needs a catalyst if the rate is too slow, or an inhibitor if the reaction is too quick. 
The reaction kinetics primarily used in this area of chemistry have been to observe changes in the 
environment surrounding an atom using carbon (^^C) and proton (^H) nuclear magnetic resonance 
spectroscopy (NMR). Any method that monitors physical changes as a result of the polymerisation 
process (e.g. disappearance in intensity of the oxirane stretch at 916cm*^) as a function of time can be 
used to calculate the rate of reaction. DSC can be used to measure the heat given out by the 
polymerisation process and from this it is possible to determine the reaction kinetics, as the heat flow 
relative to the instrumental baseline is proportional to the rate of reaction.
6.1 Kinetic Assumptions
Initial studies into evaluating the kinetic parameters of these complexes has been to take differentials 
of the change in heat-flow with the absolute temperature and plotting the natural log against Vj (where 
T is expressed in Kelvin). This should give a line with the intercept being InA and the slope being - 
E/RT. From this the activation energy for the whole thermogram can be calculated. It has not been 
possible to observe the change in concentration as a function of time in these experiments, although it 
is possible when using an in-situ technique such as infrared. Infrared can be used to observe changes 
in the presence of functional groups such as the oxirane ring (-914 cm'^) in the mid-infrared spectra 
(MIR, 4000-400 cm'^). MIR spectra, for epoxy amine systems, are very complex and may lead to 
inaccurate measurements. et al. have studied the cure mechanisms for a model system, N- 
methylaniline (mAnil) reacting with phenyl glycidyl ether (PGE), using near infrared spectroscopy (NIR, 
10000-4000 cm'^) observing changes in the epoxide combination (4526 cm'^), secondary amine 
overtone (6660 cm'^), hydroxyl group overtone (7000 cm'^) and were normalised to the aromatic C-H 
stretch combination (5969 cm'^). The technique that has been implemented in this study has been to 
use the overall heat of the reaction and calculate the fractional conversion from those data. Although 
this method is not strictly accurate with regard to the conversion of reagents to product it does give a
123
guideline for the overall heat of the reaction. The information that is obtained from the DSC 
thermograms has been manipulated and these data have been placed ip a modelling package to 
model the different reactions occurring with the DSC thermogram. The'Software package used for this 
data manipulation has been Model Maker® version 3.0.4 from Cherwell Scientific Ltd.
Each of the resin systems has been stoichiometrically formulated so that Hgct reacts with one epoxide 
group. The reactants have been mixed as homogeneously as possible to ensure that an even reaction 
is maintained (Figure 6-1).
OH
O /-----1— R'
R NHj +2 Z A _ r. ------- ► R'—N
v _ T R '
OH
Figure 6-1 Basic Schematic o f the Amine Epoxy Reaction
However, it should be borne in mind that even a simple amine epoxy mixture may undergo a series of 
reactions, each with a different reaction rate that will culminate to give the overall heat of the reaction 
as seen in the DSC thermogram (Figure 6-2).
R -N : . ( p
OH
\  Reaction 1 i
- ^ R '  ---------► R - N - C — L— R'
A
OH R OH
R .— I— c - N : /    Reaction 2
H I ^ R '   ► R'— C - N - C — ^ R "*2 H Hg H,
? "  ?  ? fa  OH R OH
A / \
—  R ' ^ c - A - c ^ o - c ^ R .
2 2 K Hg Hg R. Hg
Figure 6-2 Possible reactions o f a simple epoxy/amine system
where reaction 1 = reaction of a primary amine, reaction 2 = reaction of a secondary amine, reaction 3 
= éthérification.
Models have been proposed in the literature for the cure reaction of epoxy resins with amines and can 
be classified into three categories. Type A the formation of hydrogen-bonded epoxide (Figure 6-3, 
Figure 6-4), Type B the formation of hydrogen-bonded amine (Figure 6-5, Figure 6-6) and Type C the 
formation of both hydrogen-bonded amine and epoxide (Figure 6-7).
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Figure 6 -7simultaneous reactions
The presence of hydroxyl groups are believed to catalyse the cure reaction, and therefore the 
production of hydroxyl groups during the reaction process would indicate that this process is
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autocatalytic. A1 and B1 will only be important at the start of the reaction when the hydroxyl 
concentration is low.
It is possible for epoxy resins to react with themselves at room tempei;ature, although the rate of this 
reaction is very slow and increases with temperature. The development of thermally latent curing 
agents means that a certain degree of éthérification may occur before the ligand dissociates from the 
transition metal although this should be very slow. This means that the rate-determining step (RDS) for 
the amine epoxy reaction in fully coordinated complexes should be the release of the reactive ligands 
from the transition metal centre:
M(X)„.Y2 + A  nX + MY2
nX + 4 nE poxide ► Cured Resin
where M = transition metal, X = diamine ligand with four Hgct, Y = counter-ion, n = number of ligands 
coordinated. Studies have been reported in the open literature, that consider the use of TM-acac to 
catalyse the hardening of epoxy/DiCy^"  ^ systems, epoxy/phenolic^^ accelerated systems and 
epoxy/anhydride^"  ^ systems. The presence of TM ions in the developed curing systems may also 
catalyse the systems reaction rate. When an epoxy resin is cured with an uncoordinated nitrogen 
based curing agent, the reaction should progress, to a certain degree, throughout the heating regime. 
On the other hand, when an epoxy resin is cured with a coordinated nitrogen based curing agent the 
Hgct/epoxy reaction can only occur after dissociation. This means the start temperature for the reaction 
is higher than the uncoordinated system and may result in an increase in the rate of reaction after 
dissociation. If the curing agent is insoluble in the epoxy resin, it is possible that there is a reduction in 
homogeneity as the viscosity decreases and settling occurs. This will affect the stoichiometric ratio 
(Hgctioxirane) and will increase the éthérification process resulting in a changing in the reaction 
mechanism. As the reaction progresses to the gel phase the process of diffusion control will take 
effect this affects the ability of the amine groups to react and may increase éthérification processes. 
Ali these factors need to be taken into account when looking at the reaction kinetics.
6.2 Elucidation of Kinetic Parameters
Now that the method by which these curing agents dissociate and react with epoxy resin has been 
established (Chapter 2 and Chapter 4 ) it is necessary to determine the kinetics of the process. There 
are two methods of curing epoxy resins with amines:
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1. stoichiometrically (one active H [Hgct] reacting with each epoxy);
2. catalytic (catalysed homo-polymerisation).
It is possible to determine reaction kinetics of a system by varying*, one parameter. In this study 
stoichiometric formulation of the curing agent and the MY721 have been heated at 5 K, 10 K, 15 K and 
20 K min'  ^ over the range 30-300°C using DSC. Samples of the TM-2-ABA resin system (ca. 4 ± 1 mg) 
were placed in 30 mm^ aluminium pans (with a pierced lid for volatile samples) and heated using a 
Perkin-Elmer DSC7 under Nz (40 cm  ^min'^). Samples of the TM-OPD and TM-Anth resin system (ca. 
4 ± 1 mg) were placed in hermetically sealed aluminium pans (with a pierced lid for volatile samples) 
and heated using a TA 2920 DSC under Nz (40 cm^ min'^). From the DSC experiments, plots of heat- 
flow (mW) (HF) vs. Temperature (°C) or time (sec) were taken.
A basic assumption in DSC kinetics is that heat flow {HF) relative to the instrumental baseline is 
proportional to the reaction rate^ "*. In each case, the baseline was calculated by taking the points at the 
start of the thermogram {xiyj) and the end of the thermogram (x^y:) and the slope calculated (Equation 
6- 1).
Xi  —X \ !  y i  — y \  — Slope  
Equation 6-1
This slope was then used to calculate the baseline {B) of the thermogram from which the corrected 
heat flow (//Fc) is calculated (Equation 6-2).
Slope X ( T i  — To) — HFa — B
HFc = H F - B  
Equation 6-2
where Ti = start temperature, = temperature at xjy,, HFa -  heat flow at x,yj. The corrected heat flow 
was then divided by the sample weight (w) to give the normalised heat-flow {HF„) in W g'^  (mW mg'  ^ = 
W g' )^ (Equation 6-3).
HFn — FiFcl'w  
Equation 6-3
The total heat {Qi) has been calculated by using multiplying the average of the //F„ at time t by the 
difference of the two times (in seconds) and adding this to the previous value for the total heat Qo 
(Equation 6-4) This has been illustrated schematically in Figure 6-8.
Qi = Qo + [{{HF,n + HFno) l2 }x {u - to )^60 ]
Equation 6-4
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Figure 6-8 Schematic illustrating equations
The extent of the cure has been determined by dividing the fractional total heat by the overall total 
heat and expressed as a percentage (Equation 6-5).
(Go /Gi ) X100 =
Equation 6-5
If there are m molecules reacting with a constant heat or reaction per molecule then it is assumed that:
dq I dt cc-dm I dt
Equation 6-6
Where dq/dt =partial heat of reaction, constant of proportionality in the Equation 6-6 is Qj / mj  where Qj  
is the overall heat of reaction and is the initial number of reacting molecules, and
{dq / dt) I = {-dm I dt) / my 
Equation 6-7
Integration of Equation 6-7 implies that at any time, t, Q ,/Q ,  =  m/m,, where Q, is the partial peak area:
t
Qt = ^{dq/dt)dt 
0
Equation 6-8
It is often convenient to work in terms of the fractional conversion, a, where a  = Q /Q ,  and
d a / d t  = {dq / dt)Q^
Equation 6-9
A general expression often used in the analysis of DSC kinetic data is
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d a  / dt = kf {a)
Equation 6-10
Where, at a given time and temperature,/("aj is some function of the fractional conversion, a, and daldt
\
is the rate of conversion. The apparent rate constant, k, is usually assumed to be of the Arrhenius 
form:
k = A exp(-E/RT)
Equation 6-11
where .4 is a constant, R is the gas constant, E is the apparent activation energy, and T is the 
thermodynamic temperature. For a reaction of order n which involves one reacting substance the 
conventional kinetic equation is
- d d  dt-k^c"
Equation 6-12
where c is the concentration of reactant and ko is the rate constant for a given temperature. In terms of 
fractional conversion this gives
d a !  dt = { - d d  dt)! C Q -k i l -a )"
Equation 6-13
where Co is the initial concentration and k is the apparent rate constant:
k = K c V
Equation 6-14
It is common practice in thermal analysis literature to quote the apparent rate constant, k, which is 
convenient (although only dimensionally correct for first-order reactions).
6.3 Kinetic Modelling of M(L)%.Y2 complexes in MY721
Kinetic modelling has been carried out on raw DSC data for each of the complexes to elucidate the 
kinetic parameters for the reaction process. Information gathered from the thermal dissociation 
techniques: TG; thermal FTIR; thermal UV-Vis; thermal ESR and structural data from microanalysis, 
FTIR, and magnetic susceptibility has been used to establish possible reaction mechanisms.
There have been several kinetic models proposed in the literature^ '^* to describe the chemical kinetics 
of the cure of thermosets
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n order reaction
Autocatalytic reaction
n order + autocatalytic reaction
General complex reaction model
Arrhenius dependence of rate constant
d a
dt
da
dt
=  / : ( l - ( z y
da
(A:,+ * , « ”■ ) ( ! - « ) ”
dt
da ,  4^ . (  E
1-1
k^{T) =  A qxA -
RT
E
RT
Equation 6-15 
Equation 6-16 
Equation 6-17 
Equation 6-18 
Equation 6-19
where a = fractional conversions, da/dt = reaction rate, m, n = reaction orders, T = thermodynamic 
temperature, R = universal gas constant,y = number of interdependent reactions. A, -  pre-exponential
factor of the reaction, E, = activation energy of the reaction, = reaction function of the i.th •th
reaction, g /= normalised weighting factor of thereact ion .
6.3.1 Kinetic models developed
In order to develop the kinetic parameters for the model it was necessary to suggest possible 
reactions that might be taking place. Physical characterisation of OPD, 2-ABA and Anth complexes 
would suggest that the OPD and 2-ABA ligands fully coordinate and Anth only partially coordinate. A 
simplified version of the possible reaction scheme for a fully coordinated diamine ligand is outlined in 
Scheme 6-1
IVI(A),.Yg
M(B),.Y2+2E
M(BE2)„.Y2
BEg + 2E
A
M(B)„.Y2
M(BE2),.Y2
nBEp + M.Y2 
BE.
Scheme 6-1 Proposed reaction scheme fo r fully coordinated diamine ligands
where M = transition metal, A = fully coordinated diamine ligand, n = number of coordinating ligands, Y 
= counter-ion, B = partially coordinated diamine ligand, E = epoxide group. In order for the reaction to 
occur full or partial dissociation needs to occur. Once full or partial dissociation occurs, a lone pair of 
electrons is available to react with an epoxide group (rate constant ki). In order for the second amine 
to react, it needs to dissociate, once dissociation has occurred it is available to react (rate constant k2 ). 
A simplified version of the possible reaction scheme for a partially coordinated diamine ligand is 
outlined in Scheme 6-2
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M(B),.Y2+2E........ M(BE2),.Y2
M(BE2)n.Y2 ------ — nBE2 + M.Y2
k2 •
BE2 + 2 E ---------- BE4
Scheme 6-2 Proposed reaction scheme fo r partially coordinated diamine ligands
and because the Anth ligands are not fully coordinated there are lone pairs of electrons available to 
react with the epoxide groups (ki). In order for the reaction to proceed without éthérification, then the 
coordinated group needs to dissociate. Once the ligand has dissociated then it is available to react 
with the epoxide group (k2 ).
A simplified version of the possible reaction scheme for a partially coordinated diamine ligand and a 
fully coordinated imidazole ligand is outlined in Scheme 6-3
M(B),(G),.Y, + 2E M(BE2),(C),.Y2
M(BE2),(C),.Y2 nBE. + M (0 ,.Y 2
kg
BEg+2E — ------^  BE4
M(C),.Y2  nC + M.Yg
C + E CE
CE„., + E CE...E„.,
Scheme 6-3 Proposed reaction scheme fo r partially coordinated diamine and imidazole ligands 
where 0  = fully coordinated imidazole. The reaction scheme for this system possibly follows a similar 
route as outlined in Scheme 6-2 then this is followed by the dissociation of the imidazole ligand. If the 
imidazole ligand dissociates after the Anth ligand then it should only react with one epoxide group (kg) 
although some éthérification may occur. If dissociation occurred before the Anth fully dissociated then 
éthérification may occur (rate constant k„). The simplified reaction schemes outlined above can further 
be expanded to take into account the formation of a secondary amine after the primary amine has 
reacted which will have a different reactivity due to steric effects. The rates for each of the reactions 
cannot be accurately determined using the DSC thermogram owing to the technique only observing 
the heat given out by the total reaction.
Three models have been developed to simulate the possible mechanisms by which these systems 
react. The first model used was a simple linear reaction scheme and was based on the reaction
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following zero order rate kinetics up to a critical point vjhere a first, second, third or higher order 
process took over although this model was too simple for this system and resulted in poor fitting of the 
DSC thermograms. Two more models were devised taking into account the possible reactions taking 
place in the system and models containing three (Scheme 6-4) and four (Scheme 6-5) reaction steps 
resulted.
intprods
F2
re a c ta n t
F3
F I
p ro d u c ts 2 .
P r o d u c ts ^
p r o d u c ts l
Scheme 6-4 Three step reaction
F4
F3
F I
F2 mm#
in tp ro d s
p ro d ilc tsS
p ro d u c ts l
p ro d u cts2
Scheme 6-5 Four step reaction
where F1 represents the route to give the parameters for Rate 1, F2 represents the route to give the 
parameters for Rate 2, F3 represents the route to give the parameters for Rate 3 and F4 represents 
the route to give the parameters for Rate 4. The overall rate is Rate 1 + Rate 2 + Rate 3 + Rate 4 and 
is represented by the black line in the graph.
6.3.2 Kinetic Analysis of Ni(OPD)3.Cl2 in MY721
Microanalysis of Ni(OPD)3.Cl2 suggests that there are three OPD ligands bound to the metal centre 
and that these ligands may be bound in a fns-bidentate fashion around that centre. Infrared analysis of 
the complex would suggest that there might be uncoordinated amine ligands present there is a band 
shift from 3384 cm'  ^to 3395 cm‘\  although shelf life tests of this complex in both BADGE and TGDDM  
are in excess of one month. TG analysis of this complex shows an initial dissociation at 210°C (483 
K), some 80°C after the reaction occurs, although initial ligand dissociation could occur at a lower
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temperature. The dissociation of the OPD ligand should not occur simultaneously and it is expected 
that one amine of the OPD should dissociate before the other.
Suggested reaction mechanism
From the information above it may be assumed that the complex is fully coordinated and the RDS is 
the ligand’s dissociation from the metal centre. After the ligand has started to dissociate, and 
assuming little éthérification has occurred, the reaction can progress in several different ways, taking 
into account criteria outlined above, k[1] = rate constant of first dissociated amine group; k[2] = rate 
constant éthérification due to total or partial consumption of Had before second ligand is released k[3] 
= rate constant of second dissociated amine group; k[4] = rate constant éthérification due to diffusion 
control.
The raw DSC data has been deconvoluted using ModelMaker using both the three and the four step 
model and has resulted in the four process mechanism giving the best value for the line of best fit (r )^ 
= 0.81794 or 82% of the thermogram is modelled (Figure 6-9) and a summary of the parameters 
obtained from the simulation are outlined in (Table 6-1).
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Figure 6-9 Kinetic model o f  Ni(OPD)3.Cl2 in M Y72I
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Table 6-1 Summary ofparameters obtained from ModelMaker
Ni(OPD)3.Cl2 
in MY721
a^ct
(kJmor'')
a^ct
(kJmor epoxy)
Reaction Order 
(n)
Bre-exponential
(s ')
Rate 1 354.44 269.30 1.27 % 5.26x10"^"
Rate 2 355.34 269.99 1.64 1.36x10'''
Rate 3 359.51 273.16 4.65 1.94x10"'
Rate 4 410.00 311.52 2.01 2.57x10"^
6.3.3 Kinetic Analysis of Ni(2-ABA)3.(ac)2 in MY721
Microanalysis of Ni(2-ABA)3.(ac)2 has not given good correlation between the calculated and found 
values for C, H and N this may be due to residual water possibly from the atmosphere or from the 
reaction solution even though these complexes were dried. Shifts in the FTIR spectral bands (3399 to 
3318 cm^  ^ vN-H and 1652 to 1628 cm'  ^ 5N-H) would suggest that both the aliphatic and the aromatic 
amine ligands have coordinated to the metal centre. Magnetic measurements (3.04 BM) place this 
Ni(ll) ion in an octahedral environment which would indicate that this complex is fr/s-bidentate. TG 
shows that the full dissociation of the ligand occurs at around 200°C (473 K) some 100°C before the 
reaction starts, although ligand dissociation may occur at lower temperatures. The presence of two 
different amine species means that the dissociation from the metal centre will be such that the weaker 
ligand will dissociate first, followed by the stronger, and therefore should react first.
Suggested reaction mechanism
From the information above it may be assumed that the complex is fully coordinated and RDS is the 
ligands dissociation from the metal centre. Therefore, it is possible to suggest that the reaction 
mechanism: k[1] = rate constant of first dissociated amine group; k[2] = rate constant éthérification due 
to total consumption of Hgcti k[3] = rate constant of second dissociated amine group; k[4] = rate 
constant éthérification due to diffusion control. The raw data has been deconvoluted using 
ModelMaker using both the three and the four step model and has resulted in the three process 
mechanism giving the best value for the line of best fit r^  = 0.9531 or 95% of the thermogram is 
modelled (Figure 6-10) and a summary of the parameters are outlined in (Table 6-2).
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Ni(2-ABA)3.(ac)2 in NIY721 at 10K/m in
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Figure 6-10 Kinetic model o f Ni(2-ABA)3.(ac)2 in MY721
Taking into account the physical properties outlined in earlier chapters, Rate 1 may be attributed to the 
reaction between the first ligand dissociating. Rate 2 may t>e attributed to the second ligand 
dissociating, and Rate 3 may be attributed to diffusion control due to the system approaching its gel 
point (395 K).
Table 6-2 Summary o f parameters obtained from  Model Maker
Ni(2-ABA)3.(ac)2 
in MY721 at 10 K min"'
Eact
(kJ mol l
Eact
(kJ mol epoxy)
Reaction Order 
(n)
Pre-exponential
(s')
Rate 1 365.77 256.40 4.77 4.27x10"'
Rate 2 367.17 266.42 10.14 5.95x10"'
Rate 3 253.02 183.59 3.40 1.09x10^^
6.3.4 Kinetic Analysis of Cu(2-ABA)2(ac)2 in MY721
Micro analysis of Cu(2-ABA)2-(ac)2 shows good correlation between the calculated and found vales for 
C, H, and N indicating that there are two 2-ABA ligands bound to the metal centre. Shifts in the FTIR 
spectral bands vN-H (3406, 3291 to 335 5, 3230 cm^) respectfully and 5N-H (1652 to 1623 cm'^) 
would suggest that both the aromatic amine (3406 cm^) and the aliphatic amine (3291 cm'^) have 
coordinated to the metal centre. Magnetic measurements (1.84 BM) place the Cu(ll) ion in a discrete 
octahedral environment. Each of these properties v\rauld indicate that the 2-ABA ligands have bound in 
a b/s-bidentate fashion around the metal centre. TG shows that full dissociation of the ligand occurs at 
around 185°C (458 K) some 70°C after the reaction has started. Thermal FTIR, thermal UV-Vis and
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thermal ESR studies all indicate that the initial ligand dissociation occurs at around 70°C (343 K), 
which is 40°C before the reaction is observed by DSC.
Suggested reaction mechanism
Evidence, outlined above shows that the ligands are fully coordinated and that one of the amine 
ligands dissociates before the other. Therefore is possible to suggest that the rate constants follows: 
k[1] = reaction of the first ligand dissociation; k[2] reaction of the second dissociated ligand; k[3] = 
éthérification due to diffusion control. The raw data has been deconvoluted using both the three and 
four step process with the three step process (Figure 6-11) and a summary of the parameters are 
outlined in Table 6-3
Cu(2-ABA)2.(ac)2 in MY721 at lOK/min
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-3.0-
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Figure 6-11 Kinetic model o f Cu(2-ABA)2>(ac)2 in MY721 at lOK/min
Taking into account the physical properties outline in earlier chapters Rate 1 can be attributed to the 
reaction between the first ligand dissociating, Rate 2 can be attributed to the second ligand 
dissociating, and Rate 3 may be attributed to diffusion control due to the system reaching its gel point 
(409 K).
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Table 6-3 Summary ofparam eters obtained from  Model Maker
Parameters Cu(2-ABA)2(ac)2 in MY721
5 K min'  ^ 110 K min'^ 15K m in V | 20 K m in '
Pre-exponential Rate 1 (s*^ ) 1.30E+44 5.65E+43 8.46E+43 1.23E+44
Pre-exponential Rate 2 (s*^ ) 3.82E+44 2.17E+44 7.29E+43 1.23E+44
Pre-exponential Rate 3 (s^ )^ 7.76E+32 1.36E+33 8.43E+29 1.2E+30
Eact (kJ mol'^) Rate 1 354.46 357.83 356.45 355.38
Eact (kJ mol'^) Rate 2 356.37 359.04 357.43 355.99
Eact (kJ mol'^) Rate 2 176.55 175.01 140.11 135.56
Eact (kJmor^ epoxy) Rate 1 245.32 247.66 246.70 245.96
Eact (kJmor^ epoxy) Rate 2 246.64 248.49 247.38 246.38
Eact (kJmol'^ epoxy) Rate 2 122.19 121.13 96.97 93.82
Reaction Order Rate 1 1.73 3.00 3.23 3.98
Reaction Order Rate 2 4.64 5.00 4.47 6.20
Reaction Order Rate 3 2.04 3.00 1.46 1.94
'r^ 0.91141 0.78618 0.86537 0.91172
6.3.5 Kinetic Analysis of Cu(2-ABA)2.Cl2 in MY721
Microanalysis of Cu(2-ABA)2.Cl2 shows close agreement (± 0.5%) between the calculated and the 
found values for C, H and N which would indicate that there are two ligands bound to the metal centre. 
Shifts in the FTIR spectral bands vN-H (3292 to 3288 cm'"') and ÔN-H (1652 to 1622 cm'^) and a 
broadening of the band associated with the aromatic amine (3406 cm'^) stretching from 3654 cm'  ^ to 
3310 cm*^  peaking at 3430 cm'  ^ this would suggest 2-ABA is fully coordinated to the Cu(ll) metal 
centre. Magnetic measurements (1.82 BM) indicate that the Cu(ll) ion is in an octahedral environment 
and would indicate that this complex is b/s-bidentate. TG analysis shows a complicated dissociation 
pattern with full dissociation occurring at 207°C (480 K) some 60°C before the reaction is evident in 
the DSC thermogram although evidence from thermal FTIR of Cu(2-ABA)2.(ac)2 would indicate that 
one of the amine ligands dissociates at a lower temperature and this would account for the reaction 
starting at around 150°C.
Suggested reaction mechanism
From the information outlined above it may be assumed that the 2-ABA ligands are fully coordinated 
and the RDS is the dissociation of the first ligand. The initial dissociation may be high enough for a 
small amount of éthérification to occur although this should be significantly small enough not to 
attribute to the reaction kinetics. Therefore, it is possible to suggest four possible process which may 
be taking place: k[1] = rate constant for possible éthérification due to RDS; k[2] = rate constant of the 
first dissociated ligand; k[3] = rate constant of the second dissociated ligand and k[4] = éthérification
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due to diffusion control. The raw data has been deconvoluted using both the three and the four step 
model and the four step model has proven to give the best fit r^  = 0.82947 or 83% of the thermogram 
is modelled.
Cu(2-ABA)2.C12 in IWY721 at 10K/m in
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Figure 6-12 Kinetic model o f Cu(2-ABA)2.Cl2 in MY721 at 10 Km in^
Taking into account the physical properties outline in earlier chapters Rate 1 can be attributed to the 
reaction of the primary amine after dissociation, Rate 2 can be attributed to the second amine after 
dissociation, Rate 3 may be attributed to the second amine reacting and Rate 4 may be attributed to 
diffusion control due to the system reaching its gel point (427 K).
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Table 6-4 Summary ofparameters obtained from  Model Maker
Parameters
Cu(2-ABA)2Cl2 in MYJ21
5 K min ' 10 K min*' 15 K min*' 20 K min*'
Pre-exponential Rate 1 4.05E+41 2.25E+41 1.89E+41 2.53E+40
Pre-exponential Rate 2 1.57E+41 9.97E+40 8.24E+40 5.82E+40
Pre-exponential Rate 3 5.64E+40 1.96E+41 5.03E+41 5.16E+41
Pre-exponential Rate 4 2.58E+43 2.58E+43 2.58E+43 2.58E+43
Eact (kJ mol'^) Rate 1 359.18 361.47 362.43 365.58
Eact (kJ mol'^) Rate 2 355.96 357.90 359.37 358.72
Eact (kJ moi'^) Rate 3 356.75 363.27 363.25 359.60
Eact (kJ mol'^) Rate 4 420.85 387.79 308.78 398.12
Eact (kJ mol'^ epoxy) Rate 1 257.39 259.03 259.72 261.98
Eact (kJ moi'^ epoxy) Rate 2 255.08 256.48 257.52 257.06
Eact (kJ mol'^ epoxy) Rate 3 255.64 260.32 260.30 257.69
Eact (kJ mol'^ epoxy) Rate 4 301.58 277.89 221.27 285.29
Reaction Order Rate 1 1.89 1.30 1.05 1.49
Reaction Order Rate 2 1.83 0.98 0.98 1.36
Reaction Order Rate 3 4.01 4.00 6.68 3.90
Reaction Order Rate 4 1.06 3.86 15.86 5.14
r" 0.47023 0.89247 0.90093 0.94037
6.3.6 Kinetic Analysis of Cu(Anth)2.Cl2 in MY721
Microanalysis of Gu(Anth)2 .Cl2 does not give good correlation between the calculated and the found 
values for C, H, and N for two Anth ligands solely being bound to the Cu(ll) metal centre although the 
microanalysis and FTIR spectral data does suggest that there may be an ethanol molecule bound in 
the complex. It has been difficult to assign definite spectral bands owing to the overlapping nature of 
the spectral bands of the amine and amide groups, although an approximation has been made. Shifts 
in both the amine and the amide spectral bands to lower wave numbers are evident for Cu(Anth)2 .Cl2  
and would suggest that both the groups are coordinated. Magnetic measurements (1.26 BM) indicate 
that the Cu(ll) ion is not in a discrete octahedral environment and that it is possibly in a bi-nuclear 
orientation. TG shows a simpler dissociation pattern than the corresponding 2-ABA and OPD 
complexes with the full dissociation occurring at 183°C (456 K) some 100°C after the reaction starts. 
Shelf life studies shows that the complex reacts with the epoxy resin at room temperature and after 24 
hours the first peak has reduced in height; this is probably due to the amide ligand not being 
coordinating to the metal centre and therefore being available to react.
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Suggested reaction mechanism
The information outlined above suggests that the Anth ligand is only coordinated in a monodentate 
fashion via the amine functionality and that there may be an ethanol ligand present in the complex. 
Anth can react via the amine group (Hact), the amide group (Hgct), the lone pair of electrons of the 
amide group and if there is ethanol present in the complex then the hydroxyl group (Hact). Therefore, it 
is possible to suggest that the reaction may contain the following mechanisms; k[1] = rate constant for 
the amido amine, k[2] = rate constant of the amido carbonyl, k[3] = rate constant for the amine, k[4] 
rate constant for the éthérification due to diffusion control, k[5] = rate constant for the hydroxyl group. 
The raw data has been deconvoluted using both the three and four step models with the four step 
model and the parameters are outlined in Table 6-5
Cu(Anth)2.CI2 In MY721 at 1 OK/m In
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Figure 6-13 Kinetic model o f  Cu(Anth)2>Cl2 in MY721 at 10 K  min^
Taking into account the physical properties outline in earlier chapters. Rate 1 can be attributed to the 
reaction with the uncoordinated functionality, Rate 2 can be attributed to the faster reacting amine 
functionality after dissociation, and Rate 3 and Rate 4 may be attributed to éthérification due to either 
total consumption of Hact or diffusion control respectfully.
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Table 6-5 Summary o f  parameters obtained from  Model Maker
Parameters Cu(Anth)2 Cl2 in MY721lO K m in  ' | 15K m in  ' 20 K min '
Pre-exponentia] Rate 1 (s'^) 8.94E+42 5.69E+42 8.16E+42
Pre-exponential Rate 2 (s* )^ 3.85E+44 3.85E+44 3.85E+44
Pre-exponential Rate 3 (s'^) 1.03E+13 4.55E+12 1.23E+13
Pre-exponential Rate 4 (s'^) 2.23E+19 2.43E+18 1.45E+19
Eact (kJ mol'^) Rate 1 326.11 326.90 323.81
Eact (kJ mol'^) Rate 2 325.23 323.80 318.01
Eact (kJ mol'^) Rate 3 120.02 118.76 120.73
Eact (kJ mol'^j Rate 4 178.00 174.95 178.84
Eact (kJ mol'  ^ epoxy) Rate 1 228.86 229.42 227.25
Eact (kJ mol'  ^ epoxy) Rate 2 228.25 227.25 223.18
Eact (kJ mol'  ^ epoxy) Rate 3 84.23 83.34 84.73
Eact (kJ mol'^ epoxy) Rate 4 124.92 122.78 125.51
Reaction Order Rate 1 6.11 5.40 4.52
Reaction Order Rate 2 5.52 4.97 3.60
Reaction Order Rate 3 1.21 1.17 1.19
Reaction Order Rate 4 1.18 0.87 1.16
r^ 0.17552 0.52438 0.69049
6.3.7 Kinetic Analysis of Cu(Anth)(ac)2 in MY721
Microanalysis of Cu(Anth).(ac)2  good correlation between the calculated and found C, H, and N 
percentages for one Anth ligand bound to the Cu(ll) metal centre. Accurate assignments of the 
spectral bands for this complex have been further complicated due to the overlap of the acetato 
counter-ion band at around the 1600 cm'  ^ couples with the overlapping nature of the amine and amide 
bands. Magnetic measurements (1.29 BM) would suggest that the Cu(ll) ion is not in a discrete 
octahedral environment but in an bi-nuclear orientation. TG analysis shows a simple dissociation 
pattern with full dissociation occurring at 210°C (483 K) some 140°C after the start of the reaction. 
Shelf life tests indicate that, like Cu(Anth)2 .Cl2 , Cu(Anth).(ac) 2  has an uncoordinated species as the 
peak height is reduced by one third after 24 hours which would account for the start temperature for 
the reaction.
Suggested reaction mechanism
The information outlined above suggests that the Anth ligand is only coordinated in a monodentate 
fashion possibly via the amine group. Anth can react via the amine group (Hgct), the amide group (Had) 
and the lone pair of electrons of the amide group. Therefore, it is possible to suggest that the following 
rate constants: k[1] = reaction of the amido amine, k[2] = reaction of the amido carbonyl, k[3] = 
reaction of the amine, k[4] éthérification due to diffusion control. The raw data has been deconvoluted
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using both the three and four step models, with the four step model and the parameters are outlined in 
Table 6-6
Cu(Anth)2(ac)2 in IMY721 at 10K/m in
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Figure 6-14 Kinetic model o f Cu(Anth).(ac) 2  in MY721 at lOK/min
Taking into account the physical properties outline in earlier chapters Rate 2 can be attributed to the 
reaction between the uncoordinated functionality, Rate 3 can be attributed to the amine functionality 
after dissociation, and Rate 4 may be attributed to éthérification due to either total consumption of Hgct 
or diffusion control.
Table 6-6 Summary ofparameters obtained from  Model Maker
Cu(Anth)2Ct2 in MY721
Parameter lOKmin '
Pre-exponential Rate 2 (s' )^ 4.96E+37
Pre-exponential Rate 3 (s' )^ 1.36E+34
Pre-exponential Rate 4 (s' )^ 3.34E+29
Eact (kJ mol ') Rate 2 274.20
Eact (kJ mol ') Rate 3 263.72
Eact (kJ mol ') Rate 4 177.51
Eact (kJ mol^ epoxy) Rate 2 185.41
Eact (kJ mol"' epoxy) Rate 3 178.33
Eact (kJ mol ' epoxy) Rate 4 120.03
Reaction Order Rate 2 0.93
Reaction Order Rate 3 7.69
Reaction Order Rate 4 18.37
r^ 0.48020
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6.3.8 Kinetic Analysis of Cu(Anth)(Im).C12 in MY721
Microanalysis of Cu(Anth)(lm).Cl2 shows good correlation between the calculated and found C, H, and
/
N percentages for one Anth ligand and one Im ligand bound to the Cu(ll) metal centre. Accurate
*
assignments of the FTIR spectral bands for this complex have been complicated overlapping nature of 
the amine and amide bands. Magnetic measurements (1.53 BM) would suggest that the Cu(ll) ion is 
not in a discrete octahedral environment but possibly an polymeric orientation. TG analysis shows a 
simple dissociation pattern with full dissociation occurring at 245°C (518 K) some 160°C after the start 
of the reaction. Shelf life tests indicate that, like Cu(Anth)2 .Cl2 and Cu(Anth).(ac)2 , Cu(Anth)(lm).Cl2 the 
first peak reduced in height after 24 hours and continues to reduce in size over the 70 day period 
which would indicate that the ligands are not fully coordinated and would account for the start 
temperature for the reaction.
Suggested reaction mechanism
The information outlined above suggests that the Anth ligand is only coordinated in a monodentate 
fashion possibly via the amine group and that the Im ligand is also bound. Anth can react via the 
amine group (Hgct), the amide group (Hgct) and the lone pair of electrons of the amide group. And in 
this complex Im can also react, as it also possesses a Hgct. Therefore, it is possible to suggest that the 
reaction may contain the following contributory rate constants: k[1] = reaction of the amido amine, k[2] 
= reaction of the amido cârbonyl, k[3] = reaction of the amine, k[4] = reaction of the imidazole, k[5] = 
éthérification due to diffusion control. The raw data has been deconvoluted using both the three and 
four step models with the four step model. A summary of the parameters are outlined in Table 6-7
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Figure 6-15 Kinetic model of Cu(Anth)(Im).Cl2  in MY721 at lOK/min
Taking into account the physical properties outline in earlier chapters Rate 2 can be attributed to the 
faster reacting amine functionality after dissociation, Rate 3 can be attributed to the reaction between 
the uncoordinated functionality and Rate 4 may be attributed to éthérification due to either total 
consumption of Hact or diffusion control respectfully.
Table 6-7Summary of parameters obtainedfrom Model Maker
Parameter Cu(Anth)(lm)Cl2 in MY721SKmin ' lOKmin" 15Kmin ' 20 K min ^
Pre-exponential Rate 2 (s ') 1.47E+46 1.21E+46 1.21E+46 1.21E+46
Pre-exponential Rate 3 (s ’) 1208880 1141665 921166 765105
Pre-exponential Rate 4 (s ’) 2.28E+23 1.58E+23 7.18E+22 1.62E+22
Eact (kJ mol ') Rate 2 320.84 321.31 319.19 318.61
Eact (kJ mol ’) Rate 3 62.77 62.72 62.19 61.89
Eact (kJ mol )^ Rate 4 203.41 203.46 197.65 193.46
Eact (kJ mol ' epoxide) Rate 2 204.89 205.19 203.83 203.46
Eact (kJ mol  ^epoxide) Rate 3 40.08 40.05 39.72 39.52
Eact (kJ mol ’ epoxide) Rate 4 129.90 129.93 126.22 123.54
Reaction Order Rate 2 1.59 1.51 1.65 1.66
Reaction Order Rate 3 1.00 1.00 0.93 0.87
Reaction Order Rate 4 1.29 2.52 2.75 2.57
r- 0.17663 0.43665 0.62808 0.7351
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6.4 Discussion
Numerous studies into the kinetics of BADGE amine systems havp been reported in the 
literature '^ ’^ ’^ ^^ '^ ^^ ’^ ^^ ’ with typical Eact for isothermally cured studies = 45-60 kJ mol'’ and for a 
programmed temperature range = 80-110 kJ mol'’ . Barton*'"’ carried out a large kinetic study using 
DSC in this study he evaluated a BADGE and TGDDM resins cured with diamine hardeners and 
reported that both BADGE and TGDDM resins have Eact of between 50-110 kJ mol'’ cured 
dynamically and 40-90 kJ mol'’ for isothermally cured systems. With ModelMaker, it has been possible 
to simulate the shapes for the DSC thermograms using either a three and four step model, even with 
the more complicated thermograms. The ranges for Eact that are reported in the literature for amine 
cured epoxy resins are significantly lower than those found in this study with Eact being in the region of 
100-370 kJ mol'’ . This could be accounted for by the nature of the complexes and the need for these 
complexes to dissociate before they can react and therefore they should have higher Eact even though 
they have similar reaction enthalpies to those reported in the literature. The values that have been 
calculated from the ModelMaker program have still yet to be refined. Values for the pre-exponential 
factor in the region of 10'"'’° are clearly inflated, as we would expect values in the region of 10*"’°. This 
suggests that the current model, while allowing the DSC curves to be fitted well over a large portion of 
the reaction, is not entirely representative at present and requires further refinement in order to 
represent accurately the reaction parameters. However, this is a preliminary study and further work is 
already underway to achieve this aim.
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Chapter 7 Conclusions and Suggestion for Future W ork
The aim of this work was to develop a series of novel curing agents based diamine ligands, this was 
realised firstly through the complexation of OPD to a series of different TM-salts resulting in Ni(ll) and 
Cu(ll) being the favoured metal ions. The OPD complexes developed had poor solubility in BADGE 
and TGDDM, and therefore it was necessary to increase the solubility in the epoxy resin. The use of 
the 2-ABA ligand increased the solubility in organic solvents as well as introducing a diamine with 
amino groups of different reactivities that would dissociate at different temperatures. The solubility of 
2-ABA complexes was still relatively poor and to in crease the solubility Anth was chosen as the next 
ligand. The presence of the amide functionality should increase the solubility of the complex in the 
epoxy resin also amide being a weaker ligand than the aliphatic amine in 2-ABA and therefore the 
reaction should proceed at a lower temperature. The Anth complexes did not show good shelf life 
stability due to the ligands not fully coordinating.
The introduction of functional groups onto the benzene ring could significantly increase the solubility of 
the curing agents when incorporated into the resin. These groups might act in the same way in which 
micelles work, with the epoxy insoluble organometallic complex as the head and a functional grouping 
to interact with the epoxy simulating the tail end. The functional group types likely to interact are 
methoxy groups CHsOAr, carbonyl groups CHsCHOAr and other functionalities, which do not bear 
active hydrogens (Figure 7-1).
R = Me, Et, Bu etc.
Incompatible  
with Epoxy
Com patible Com patible
with Epoxy with Epoxy
Figure 7-1 Possible Methods fo r Increasing Solubility
When incorporating Cu(OPD)3 .Cl2 , which bears a free amine functionality, into both MY750 and
MY721 the once insoluble complex becomes soluble after only a few days. This is presumably due to
the Hact of the amine reacting with the epoxy, initially generating a ‘micelle type' species, but then 
becoming incorporated into the polymer structure upon further polyéthérification. When this interaction 
occurs in a multifunctional epoxy it initiate the slow homo-polymerisation process, which leads to an 
increase in viscosity in only a few weeks.
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When trying to design a suitable cure cycle for these novel-curing agents, information about the 
temperatures at which they disassociate is very useful. This should allow thp ramp to this temperature 
to be controlled so as to release small levels of OPD from the metal centre at a time, thereby reducing 
the likelihood of the epoxy producing an uncontrollable exotherm.
Investigations into the use of the novel curing agents in smaller (catalytic/initiator) quantities to initiate 
only the homo-polymerisation of the epoxy could be another routeto be followed. This method would 
reduce the level of curing agent present in the epoxy reducing the tendency of the epoxy to exotherm 
or the curing agent to settle out. However, this would lead to a network containing a polyether with 
lower Tg.
Ni(ll)- and Gu(ll)-salts are used as catalysts in many reactions and the presence of these elements in 
the form of the novel curing agents could be catalysing the polymerisation process, which could result 
in an exothermic reaction occurring. This factor should be investigated further to ascertain whether 
there is a catalytic effect on the polymerisation and whether this effect can be controlled.
It may also be possible to use the technology developed in this work to synthesis an epoxy resin that 
itself contains a curing agent.
H,N
M.Yj H,N
NH, NaOH
Figure 7-2 Possible future development fo r coordinated amine curing agents.
This would eliminate insolubility problems, as the curing agent and the epoxy resin are one and the 
same thing. A series of higher molecular weight complexes could be developed to reduce the levels of 
metal ions in the end resin matrix.
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Table 8-3 Fluctuations in cure parameters o f  Ni(2-ABA)3,(ac)2in MY721 over time
153-
S a m p le  (mg) Day Cure onset 
(°C)
percentage
deviation
Peak Max 
(“C)
percentage
deviation
AH 
(J g")
percentag  
e deviation
Cured Tg 
(°C)
percentage
deviat ion
2 . 9 0 118.84 0.00 140.72 0 . 0 0 497.8 0 . 0 0 149.04 0.00
2 . 5 5 118.62 - 0 . 1 9 % 140.94 0 . 1 6 % 540.8 8.%4% 142.83 -4.17%
2 . 7 5 118.56 - 0 . 2 4 % 138.49 - 1 . 5 8 % 504.0 1.25% 143.80 -3.52%
2 . 6 6 118.07 - 0 . 6 5 % 139.78 - 0 . 6 7 % 592.0 18.92% 138.64 -6.98%
3 . 9 7 117.97 - 0 . 7 3 % 137.44 -2.33% 573.0 15.11% N/A N/A
2 . 5 8 117.83 - 0 . 8 5 % 138.00 - 1 . 9 3 % 535.1 7 . 4 9 % 139.12 -6.66%
3 . 6 11 117.85 - 0 . 8 3 % 138.58 - 1 . 5 2 % 526.5 5.77% N/A N/A
3 . 3 1 2 117.40 - 1 . 2 1 % 137.66 . - 2 . 1 7 % 580.3 16.57% N/A N/A
2 . 5 1 3 117.43 - 1 . 1 9 % 139.40 - 0 . 9 4 % 564.3 13.36% 144.94 -2.75%
2 . 2 1 4 116.69 - 1 . 8 1 % 138.33 - 1 . 7 0 % 532.3 6.93% N/A N/A
3 . 0 1 5 117.15 - 1 . 4 2 % 139.32 - 0 . 9 9 % 494.5 - 0 . 6 6 % 143.11 - 3 . 9 8 %
3 . 1 1 8 116.59 - 1 . 8 9 % 138.65 -1.47% 431.6 - 1 3 . 3 0 % 140.15 -5.96%
2 . 6 1 9 116.24 - 2 . 1 9 % 138.97 - 1 . 2 4 % 545.2 9 . 5 2 % 137.15 - 7 . 9 8 %
3 . 4 2 0 116.23 - 2 . 2 0 % 139.15 - 1 . 1 2 % 494.8 -0.60% 141.34 - 5 . 1 7 %
3 . 2 2 1 115.98 - 2 . 4 1 % 138.44 - 1 . 6 2 % 518.2 4.10% 140.84 - 5 . 5 0 %
2 . 0 2 5 114.46 - 3 . 6 9 % 137.34 - 2 . 4 0 % 479.5 - 3 . 6 8 % 141.94 - 4 . 7 6 %
3 . 3 2 6 114.70 - 3 . 4 8 % 137.66 - 2 . 1 7 % 531.2 6 . 7 1 % 139.06 -6.70%
2 . 4 2 7 114.75 - 3 . 4 4 % 139.14 - 1 . 1 2 % 484.9 - 2 . 5 9 % 135.86 - 8 . 8 4 %
2 . 8 2 8 114.30 -3.82% 137.19 - 2 . 5 1 % 473.8 - 4 . 8 2 % 140.26 -5.89%
2.2 2 9 113.84 - 4 . 2 1 % 139.31 - 1 . 0 0 % 527.2 5.91% 141.96 - 4 . 7 5 %
2 . 7 3 2 113.17 - 4 . 7 7 % 138.58 - 1 . 5 2 % 501.8 0.80% 137.86 -7.50%
3 . 5 3 5 112.79 - 5 . 0 9 % 137.54 - 2 . 2 6 % 502.9 1.02% 142.93 - 4 . 1 0 %
2 . 8 3 8 112.47 - 5 . 3 6 % 137.88 - 2 . 0 2 % 373.1 -25.05% N/A N/A
3.3 4 2 111.80 - 5 . 9 2 % 138.55 - 1 . 5 4 % 510.9 2.63% 143.11 - 3 . 9 8 %
2 . 8 4 6 110.97 - 6 . 6 2 % 137.62 - 2 . 2 0 % 498.6 0 . 1 6 % 141.15 - 5 . 2 9 %
4 . 4 5 3 110.37 - 7 . 1 3 % 137.53 - 2 . 2 7 % 410.3 - 1 7 . 5 8 % 141.00 -5.39%
3 . 0 5 7 108.85 - 8 . 4 1 % 136.79 - 2 . 7 9 % 467.7 - 6 . 0 5 % 126.82 - 1 4 . 9 1 %
3 . 2 6 0 108.72 -8.52% 137.67 -2.17% 358.8 - 2 7 . 9 2 % N/A N/A
3 . 2 6 3 108.96 - 8 . 3 1 % 136.74 - 2 . 8 3 % 420.3 - 1 5 . 5 7 % 142.41 - 4 . 4 5 %
2 . 9 6 7 109.38 -7.96% 136.67 - 2 . 8 8 % 367.8 - 2 6 . 1 1 % 140.47 - 5 . 7 5 %
Table 8-4 Fluctuation in cure parameters o f  Cu(2-ABA)2.(ac)2 in MY721 67 Days
154-
Sample
(mg)
Day Cure onset 
CC)
Percentage
Deviation
Peak (°C) Percentage
Deviation
AH 
(J g')
Percentage
Deviation
Cured Tg
rc)
Percentage
Deviation
4.3 0 126.88 0.00 140.41 0.00 528.7 0,00 135,32 0.00
2.4 1 126.53 -0.28% 139.60 -0.58% 365.5 -30.'87% 133.17 -1.59%
3.8 5 126.03 -0.67% 139.40 -0.72% 377.3 -28.64% 132.41 -2.15%
4.2 6 126.99 0.09% 139.52 -0.63% 293.9 -44.41% 149.92 10.79%
2.7 7 125.72 -0.91% N/A N/A 373.6 -29.34% 138.61 2.43%
2 8 125.65 -0.97% 139.45 -0.68% 357.4 -32.40% N/A N/A
2.8 11 125.95 -0.73% 139.59 -0.58% 352.9 -33.25% 137.33 1.49%
3.2 12 125.81 -0.84% 139.78 -0.45% 377.3 -28.64% N/A N/A
3.6 13 N/A N/A 140.89 0.34% 335.9 -36.47% N/A N/A
2.9 14 125.70 -0.93% 139.55 -0.61% 284.7 -46.15% N/A N/A
3.4 15 125.44 -1.13% 139.76 -0.46% 338.4 -35.99% 137.61 1.69%
2.9 18 124.07 -2.21% 140.17 -0.17% 276.5 -47.70% N/A N/A
3.2 19 125.12 -1.39% 139.62 -0.56% 343.9 -34.95% 131.86 -2.56%
2 .6 20 125.56 -1.04% 139.89 -0.37% N/A N/A 134.19 -0.84%
4.5 21 125.44 -1.13% 139.93 -0.34% 312.3 -40.93% 137.65 1.72%
2.7 22 124.96 -1.51% 139.89 -0.37% 322.7 -38.96% 136.60 0.95%
3 25 124.54 -1.84% 140.18 -0.16% 309.3 -41.50% N/A N/A
3.9 26 123.87 -2.37% 139.98 -0.31% 331.5 -37.30% 136.99 1.23%
2.7 27 122.79 -3.22% 139.40 -0.72% 318.7 -39.72% 135.03 -0.21%
3 28 123.51 -2 .6 6 % 139.62 -0.56% 313.4 -40.72% 135.37 0.04%
3.5 32 123.60 -2.59% 140.26 -0.11% 321.5 -39.19% 134.52 -0.59%
4.9 35 122.70 -3.29% 139.76 -0.46% 300.4 -43.18% 145.68 7.66%
4 42 120.99 -4.64% 139.87 -0.38% 271.4 -48.67% 97.17 -28.19%
3.9 46 121.90 -3.92% 140.40 -0.01% 272.1 -48.53% 133.90 -1.05%
4.2 53 N/A N/A 140.41 0.00% 245.4 -53.58% 131.37 -2.92%
2.9 57 121.96 -3.88% 139.98 -0.31% 261.4 -50.56% 129.55 -4.26%
3.1 60 119.36 -5.93% 139.70 -0.51% 248.6 -52.98% 136.85 1.13%
4.1 63 122.60 -3.37% 140.57 0.11% 303.8 -42.54% 140.53 3.85%
3.6 67 117.43 -7.45% 139.78 -0.45% 240.6 -54.49% 135.27 -0.04%
2.7 70 117.81 -7.15% 139.31 -0.78% 222.2 -57.97% 137.65 1.72%
- 1 5 5 -
Table 8-5 Fluctuation in cure parameters o f  Cu(Antli)2.Cl2 in MY721 70 Days
Sample
(mg)
Day Cure onset Percentage 
(®C) Deviation
Peak 1 Percentage 
(®C) Deviation
Peak 2 
CC)
Percentage
Deviation
AH Percentage 
(J g'"') Deviation
Cured Tg
rc)
Percentage
Deviation
3.9 0 107.60 0.00 118.08 0.00 180.98 0.00 .681.3 0.00 « 140.22 0 .0 0
3.3 1 97.73 -9.17% 110.1 -6.76% 184.13 1.74% 532.6 -21.83% 141.81 1.13%
4.1 2 93.58 -13.03% 109.92 -6.91% 184.97 2 .2 0 % 549.5 -19.35% 144.49 3.05%
4.1 3 93.41 -13.19% 109.85 -6.97% 183.85 1.59% 501.0 -26.46% 144.19 2.83%
5.5 4 92.29 -14.23% 109.61 -7.17% 184.43 1.91% 550.4 -19.21% 145.79 3.97%
5.0 7 89.30 -17.01% 107.96 -8.57% 183.56 1.43% 523.0 -23.23% 144.70 3.19%
4.2 8 90.19 -16.18% 108.96 -7.72% 183.10 1.17% 568.9 -16.50% 141.97 1.25%
4.9 9 88.93 -17.35% 107.78 -8.72% 183.26 1.26% 470.7 -30.91% 140.88 0.47%
4.3 10 90.34 -16.04% 1 1 0 .2 1  -6 .6 6 % 182.57 0 .8 8 % 560.0 -17.80% 144.61 3.13%
4.5 11 86.97 -19.17% 109.22 -7.50% 180.78 -0.11% 510.3 -25.10% 150.41 7.27%
5.1 14 88.64 -17.62% 109.25 -7.48% 178.93 -1.13% 553.1 -18.82% 148.72 6.06%
4.1 16 87.08 -19.07% 106.63 -9.70% 176.68 -2.38% 506.0 -25.73% 147.18 4.96%
3.9 18 87.64 -18.55% 110.49 -6.43% 169.16 -6.53% 501.6 -26.38% 144.45 3.02%
4.2 21 89.01 -17.28% 109.09 -7.61% 175.30 -3.14% 543.4 -20.24% 149.74 6.79%
4.4 23 87.65 -18.54% 111.86 -5.27% 170.43 -5.83% 504.1 -26.01% 147.58 5.25%
5.1 25 89.49 -16.83% 109.83 -6.99% 174.72 -3.46% 545.9 -19.87% 147.50 5.19%
5.7 28 119.17 10.75% N/A N/A 167.33 -7.54% 437.5 -35.78% 152.50 8.76%
4.3 31 120.25 11.76% N/A N/A 167.34 -7.54% 449.7 -33.99% 132.00 -5.86%
4.9 35 92.80 -13.75% 112.79 -4.48% 170.70 -5.68% 448.7 -34.14% 156.81 11.83%
3.7 38 91.25 -15.20% 110.71 -6.24% 172.44 -4.72% 522.2 -23.35% 144.79 3.26%
5.1 42 92.43 -14.10% 111.54 -5.54% 171.96 -4.98% 673.1 -1.20% 144.9 3.34%
3.7 46 92.00 -14.50% 113.15 -4.18% 171.96 -4.98% 486.7 -28.56% 144.86 3.31%
3.7 64 99.46 -7.57% 115.52 -2.17% 180.61 -0.20% 686.5 0.76% 139.31 -0.65%
4.3 70 98.54 -8.42% 122.09 3.40% 181.12 0.08% 504.9 -25.89% 137.22 -2.14%
Table 8-6 Fluctuation in cure parameters o f  Cu(Anth)2.(ac) 2  in MY721 70 Days
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Sample (mg) Day Cure onset 
(°C)
Percentage
Deviation
Peak
rc)
Percentage
Deviation
AH 
(J g -)
Percentage
Deviation
Cured Tg 
(°C)
Percentage
Deviation
5.6 0 132.59 0.00 145.57 0.00 486.8 , 0.00 127.88 0.00
4.2 1 132.53 -0.05% 145.73 0.11% 499.6 2.63% 98.04 -23.33%
3.4 2 132.88 0.22% 146.15 0.40% 400.7 -17.69% 95.71 -25.16%
3.4 3 131.86 -0.55% 145.35 -0.15% 452.0 -7.15% 97.17 -24.01%
3.9 4 131.48 -0.84% 144.78 -0.54% 410.8 -15.61% 98.50 -22.97%
4.4 7 132.23 -0.27% 145.60 0.02% 361.1 -25.82% 95.60 -25.24%
4.7 8 131.10 -1.12% 144.93 -0.44% 385.6 -20.79% 98.11 -23.28%
4.5 9 131.98 -0.46% 145.53 -0.03% 351.9 -27.71% 100.24 -21.61%
3.3 10 131.01 -1.19% 144.83 -0.51% 402.5 -17.32% 99.60 -22.11%
4.6 11 130.27 -1.75% 144.75 -0.56% 404.3 -16.95% 99.17 -22.45%
3.5 14 129.19 -2.56% 143.62 -1.34% 360.1 -26.03% 99.70 -22.04%
4.2 16 129.94 -2.00% 144.18 -0.95% 354.9 -27.10% 99.30 -22.35%
5.5 18 128.41 -3.15% 143.41 -1.48% 518.9 6.59% 97.42 -23.82%
4.3 21 128.95 -2.75% 143.57 -1.37% 385.4 -20.83% 97.42 -23.82%
4.6 23 127.64 -3.73% 142.79 -1.91% 370.9 -23.81% 98.30 -23.13%
5.6 25 126.94 -4.26% 142.52 -2.10% 385.0 -20.91% 116.49 -8.91%
4.6 28 128.50 -3.08% 144.21 -0.93% 354.9 -27.10% 98.20 -23.21%
3.8 31 124.51 -6.09% 142.24 -2.29% 504.5 3.64% 100.02 -21.79%
4.1 35 126.38 -4.68% 143.07 -1.72% 362.7 -25.49% 99.49 -22.20%
3.5 38 122.91 -7.30% 141.67 -2.68% 225.9 -53.59% 100.80 -21.18%
3.7 42 123.81 -6.62% 142.17 -2.34% 367.8 -24.45% 89.90 -29.70%
3.2 46 118.15 -10.89% 140.71 -3.34% 460.6 -5.38% 98.97 -22.61%
3 64 113.84 -14.14% 142.16 -2.34% 270.9 -44.35% 97.64 -23.65%
4.3 70 110.39 -16.74% 144.60 -0.67% 402.8 -17.26% 97.63 -23.65%
Table 8-7 Fluctuation in cure parameters o f  Cu([m)(Anth).Cl2  in MY721 70 Days
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Sample
(mg)
Day Cure
onset
(“O
Percentage
Deviation
Peak 1 
(°C)
Percentage
Deviation
Peak 2 
(»C)
Percentage
Deviation
AH  
(j Q^)
Percentage
Deviation
Cured Tg
r c )
Percentage
Deviation
5.2 0 107.05 0 118.85 0 180.84 0 558.3 0 139.26 0
3.3 1 106.85 -0.19% 118.83 -0.02% 180.76 -0.04% 601.4 7.72% 139.68 0.30%
3.1 2 106.68 -0.35% 118.06 -0.66% 179.38 -0.81% 590.7 5.80% 143.34 2.93%
3.3 3 107.06 0.01% 119.25 0.34% 181.20 0.20% 365.9 -34.46% N/A N/A
3.1 4 105.24 -1.69% 117.67 -0.99% 179.99 -0.47% 570.1 2.11% 138.37 -0.64%
3.9 7 104.20 -2.66% 117.5 -1.14% 180.26 -0.32% 550.8 -1.34% 139.27 0.01%
3.7 8 103.12 -3.67% 116.87 -1.67% 180.13 -0.39% 576.6 3.28% 140.08 0.59%
3.8 9 102.27 -4.47% 116.26 -2.18% 180.54 -0.17% 584.8 4.75% 135.88 -2.43%
3.3 10 101.53 -5.16% 115.89 -2.49% 180.61 -0.13% 548.2 -1.81% 138.17 -0.78%
4.2 11 101.13 -5.53% 115.86 -2.52% 179.63 -0.67% 561.0 0.48% 138.29 -0.70%
3.6 14 102.28 -4.46% 116.53 -1.95% 180.06 -0.43% 547.2 -1.99% 140.01 0.54%
4.2 16 100.18 -6.42% 114.81 -3.40% 179.93 -0.50% 590.0 5.68% 137.30 -1.41%
4.7 18 100.65 -5.98% 115.68 -2.67% 181.05 0.12% 479.3 -14.15% 139.62 0.26%
3 21 99.72 -6.85% 114.04 -4.05% 180.64 -0.11% 554.0 -0.77% 139.40 0.10%
4.3 23 100.12 -6.47% 113.07 -4.86% 180.03 -0.45% 567.1 1.58% 137.21 -1.47%
3 25 99.92 -6.66% 112.54 -5.31% 180.93 0.05% 600.4 7.54% 141.88 1.88%
5.3 28 100.37 -6.24% 112.44 -5.39% 180.4 -0.24% 572.8 2.60% 138.50 -0.55%
3.1 31 100.66 -5.97% 113.44 -4.55% 181.27 0.24% 545.0 -2.38% 146.83 5.44%
5.2 35 102.06 -4.66% 114.55 -3.62% 181.12 0.15% 558.4 0.02% 141.55 1.64%
3.6 38 101.57 -5.12% 113.22 -4.74% 180.67 -0.09% 433.3 -22.39% 142.10 2.04%
4 42 101.42 -5.26% 113.21 -4.75% 181.43 0.33% 569.5 2.01% 140.16 0.65%
3.3 46 102.43 -4.32% 114.74 -3.46% 181.50 0.36% 555.3 -0.54% 139.56 0.22%
4.7 64 100.65 -5.98% 115.61 -2.73% 171.01 -5.44% 285.3 -48.90% 152.11 9.23%
4 70 113.27 5.81% 119.99 0.96% 171.67 -5.07% 494.6 -11.41% 147.37 5.82%
Table 8-8 Kinetic Analysis o f  Novel Curing Agents in MY721
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DOS Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g")
5 K min' 4.084 192.63 218.60 572.8
lO K m in" 3.560 201.77 236.20 589.7
15 K min'’ 2.717 207.70 * 244.81 663.0
20 K min ’ 4.573 220.20 257.07 572.4
Ni(OPD)3.Cl2 Sample Weight (mg) Cure Onset (°C) Peak Max (“C) AH (J g' )^
5 K min'’ 3.146 146.23 156.13 510.4
10 K min'’ 4.599 157.46 169.72 717.9
15 K min'' 4.938 164.64 179.59 688.5
20 K m in ’ 3.896 169.30 185.61 726.5
Ni(OPD)3.Br2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g")
5 K min'' 2.979 151.24 162.34 772.7
10 K min ’ 4.990 163.29 175.34 801.6
15 K min ’ 3.176 170.96 183.90 809.6
20 K min ’ 3.830 175.88 189.50 849.1
CU(0PD)2.CI2 Sample Weight (mg) Cure Onset (®C) Peak Max (®C) AH (J g")
5 K min'’ 2.805 137.88 147.82 637.9
10 K min'’ 3.682 144.37 156.85 602.1
15 K min ’ 3.660 148.77 163.32 612.8
20 K min ’ 2.939 153.70 168.61 627.1
Cu(OPD)2.Br2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g- )^
5 K min'’ 3.249 119.33 137.48 744.4
10 K min ’ 4.422 132.52 146.50 721.1
15 K min" 2.616 137.20 153.27 731.5
20 K min" 4.231 143.46 158.01 727.8
Ni{2-ABA)3.Cl2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g-^ )
5 K m in ’ 3.421 149.06 152.35 340.21
10 K min'' 3.600 149.00 161.70 562.84
15 K min" 3.081 151.75 165.81 580.39
20 K m in ’ 3.911 159.68 173.40 539.98
Ni(2-ABA)3.(ac)2 Sample Weight (mg) Cure Onset (°C) Peak Max (®C) AH (J g")
5 K min'’ 3.600 118.16 131.33 536.08
10 K min ’ 3.439 109.36 128.67 553.62
15 K min" 3.455 118.59 143.56 572.96
20 K m in ’ 2.841 123.66 157.40 577.76
Cu(2-ABA)2.Cl2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g'^)
5 K m in ’ 3.373 157.34 168.02 606.8
10 K min'’ 2.988 165.44 175.87 610.4
15 K min" 3.756 169.32 178.51 687.6
20 K min'’ 3.756 179.59 187.67 548.4
Cu(2-ABA)2.(ac)2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g*^ )
5 K min^ 3.120 128.26 136.60 450.1
10 K min" 3.739 135.69 145.04 497.3
15 K min" 2.571 133.42 143.81 461.5
20 K min ’ 3.805 140.48 152.34 484.2
Cu(Anth)2 .Cl2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g'^)
5 K min ’ 3.194 96.73 112.50 164.74 600.1
10 K min ’ 4.331 105.56 120.59 181.05 580.4
15 K min" 3.793 110.91 125.96 189.00 587.2
20 K min ’ 3.357 114.59 130.08 . 192.07 583.7
Cu(Anth).(ac )2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g")
5 K min ’ 4.120 123.18 136.25 507.9
10 K min" 4.487 133.82 146.48 529.2
15 K min" 4.917 139.46 153.11 1 197.27 1 252.69 523.4
20 K min" 2.990 144.77 158.16 496.9
Cu(Anth){lm).Cl2 Sample Weight (mg) Cure Onset (°C) Peak Max (°C) AH (J g")
5 K m in ’ 4.851 98.96 109.09 165.66 654.7
10 K min" 4.262 106.83 118.04 178.61 634.5
15 K min" 3.219 111.33 123.63 186.66 635.2
20 K min" 4.491 115.18 127.57 191.86 623.1
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